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ABSTRACT 
The flavor characteristics of cocoa are highly relevant for its market (economic) value as well as the 
overall acceptability of the end-chocolate product. For this reason ‘fine’ flavor cocoa is highly valued 
and priced over ‘bulk’ flavor cocoa, due to its acclaimed unique and desirable flavor attributes. 
Meanwhile, the latter alone accounts for over 95% of the total global cocoa supply. This presents an 
opportunity for exploring means by which the flavor of ‘bulk’ cocoa can be improved in order to be able 
to meet the ever-growing consumer demand. Through studies, we understand that, apart from these 
varietal differences, huge differences in flavor can also be achieved through the various processing steps 
(from tree to bar). Thus, from this study, the impacts of pod storage, fermentation and roasting on the 
dynamics (in both formation and the expression) of different flavor compounds in cocoa and chocolates 
were investigated. 
 
Pod storage contributed to a variation in both bean acidification and flavor precursor formation. These 
differences in flavor – which could be clearly perceived in both liquor and the final chocolates – were 
in consequence of the extent of pulp modification associated with the different pod storage treatments. 
Whereas prolonged pod storage resulted in a more acidic and intense cocoa flavored chocolate, no or 
short duration of pod storage yielded chocolates with more fruity/floral and mild cocoa flavor attributes. 
More so, the fermentation and roasting of cocoa beans could be associated with higher volatile fractions 
(with respect to the number and concentration of volatiles). Although in terms of volatile formation, the 
impacts of these processes were of a higher magnitude compared to that of pod storage, their interactions 
with pod storage (especially pod storage with roasting temperature) played a huge role in the 
diversification of the flavor profiles of the cocoa beans. Here, the different combinations resulted in 
different flavor patterns, of which some were highly likened to ‘fine’ flavor chocolates from some 
renowned origins. The study therefore provides evidence to substantiate the key role(s) of various post-
harvest and processing techniques in ‘unlocking’ the flavor potential of cocoa beans. Further, it unravels 
the possibility of tailoring the flavor of chocolate to suit different palates through processing. 
  
The flavor of chocolate is not only tied to the aforementioned processing steps, more so, it is highly 
dependent on the specific equipment and techniques applied during the manufacturing process. In this 
study, the application of the Cocoa Melanger and Stephan mixer in a small-scale alternative chocolate 
production proved promising. Despite differences in the processing equipment/technique, chocolates 
with comparable quality attributes were obtained in reference to a conventional chocolate. Although 
slight differences in aroma profiles could be detected among the chocolates, these differences did not 
affect consumers’ preference for the different representative chocolates. Thus, the findings substantiate 
the possibility of creating high quality chocolates through small-scale alternative means. 
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SAMENVATTING 
De smaakkenmerken van cacao zijn zeer relevant voor de marktwaarde (economische waarde) en voor 
de aanvaardbaarheid van het eindproduct chocolade. Om deze reden wordt ‘fine flavor’ cacao zeer 
gewaardeerd en geprijsd boven ‘bulk flavor’ cacao, vanwege de veelgeprezen unieke en gewenste 
smaakkenmerken. Het is wel zo dat ‘bulk flavor’ cacao goed is voor meer dan 95% van de totale 
wereldwijde cacaovoorziening. Dit biedt een mogelijkheid om manieren te onderzoeken waarmee de 
smaak van ‘bulk flavor’ cacao kan worden verbeterd om aan de steeds groeiende vraag naar ‘fine flavor’ 
cacao van de consument te kunnen voldoen. Door studies begrijpen we dat, afgezien van deze 
verschillen in variëteiten, enorme smaakverschillen ook kunnen worden bereikt door de verschillende 
verwerkingsstappen (van cacaoboom tot chocoladereep). Zo werden in deze studie de effecten van de 
opslag van de cacaopeulen, en het fermenteren en roosteren van de cacaobonen op de dynamiek (in 
zowel de vorming als de expressie) van verschillende smaakcomponenten in cacao en chocolade 
onderzocht. 
Opslag van de peulen droeg bij tot een variatie in zowel de verzuring van de cacaobonen als de vorming 
van smaakprecursoren. Deze verschillen in smaak - die duidelijk konden worden waargenomen in zowel 
de cacaomassa als de uiteindelijke donkere chocolades - waren het gevolg van de mate van 
pulpmodificatie die gepaard ging met de verschillende bewaartijden van de cacaopeulen. Terwijl 
langdurige bewaring resulteerde in een meer zure en intense chocoladesmaak, leverde geen of korte duur 
van opslag chocolades met meer fruitige/florale en milde cacaosmaak op. Meer nog, de fermentatie en 
het roosteren van cacaobonen kon worden geassocieerd met hogere vluchtige fracties (met betrekking 
tot het aantal en de concentratie van vluchtige stoffen). Hoewel in termen van de vorming van vluchtige 
componenten de effecten van deze processen groter waren dan die van de opslagtijd van de cacaopeulen, 
speelden hun interacties met opslag (vooral opslag van cacaopeulen met de temperatuur tijdens het 
roosteren) een grote rol in de diversificatie van de smaakprofielen van de cacaobonen. Hierbij 
resulteerden de verschillende combinaties in diverse smaakpatronen, waarvan sommige sterk werden 
vergeleken met 'fine flavor' chocolade van gerenommeerde oorsprong. De studie levert daarom bewijs 
voor de sleutelrol(len) van verschillende naoogst- en verwerkingstechnieken bij het ‘ontsluiten’ van het 
smaakpotentieel van cacaobonen. Verder ontrafelt het de mogelijkheid om de smaak van chocolade aan 
te passen aan verschillende smaakpaletten door de verwerking van cacao. 
De smaak van chocolade is niet alleen gebonden aan de bovengenoemde verwerkingsstappen, maar is 
ook sterk afhankelijk van de specifieke apparatuur en technieken die tijdens het productieproces van 
chocolade worden toegepast. In deze studie bleek de toepassing van de Cocoa Melanger en een Stephan 
mixer in een kleinschalige alternatieve chocoladeproductie veelbelovend. Ondanks verschillen in de 
verwerkingsapparatuur en -techniek, werden chocolades met vergelijkbare kwaliteitskenmerken 
verkregen met verwijzing naar een conventionele chocolade. Hoewel kleine verschillen in 
xi 
  
aromaprofielen konden worden gedetecteerd tussen de chocolades, hadden deze verschillen geen 
invloed op de voorkeur van de consument voor de verschillende representatieve chocolades. De 
bevindingen bevestigen dus de mogelijkheid om chocolades van hoge kwaliteit te maken met 
kleinschalige alternatieve middelen.  
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PROBLEM STATEMENT AND RESEARCH STRATEGY 
Rationale 
Chocolate is an attractive treat for consumers worldwide because of its exquisite flavor profile. Its aroma 
varies depending on the origin/genotype of the cacao tree (Theobroma cacao L.), growing conditions, 
such as climate and state of the soil, the post-harvest treatments (e.g. fermentation and drying), the bean 
roasting parameters and the chocolate processing conditions, particularly the conching process. 
Chocolate manufacturers are constantly seeking for ways to improve the flavor of their products and to 
introduce innovative chocolate flavors which can both match the taste palate of local customers but also 
affords the possibility of being tailored to meet the ever-growing, yet highly diverse demands of the 
international market. 
 
The fermented and dried beans of the cacao tree are the key raw materials in chocolate manufacturing. 
They are also a major and stable source of agricultural income for millions of farmers in tropical regions 
all over the world. Approximately 70% of the global annual production is supplied by West Africa, with 
about 20% from Ghana alone (ICCO, 2019a). Cocoa is characterized by a huge genetic heterogeneity 
which also partly corresponds to the uniqueness of its aroma profile based on the specific cultivar. 
Commercially, three major varieties/cultivars are recognized, although the work of Motamayor et al., 
(2008) reveals further classifications. These are the Forastero, Criollo and Trinitario varieties. From a 
flavor perspective, the former is often described as ‘bulk’ or ‘basic’ whereas the remaining two varieties 
are considered as ‘fine’ flavor cocoa. 
 
Unfortunately, till date, this orthodox classification has been the driving force dictating the market price 
and manufacturer preference of cocoa in the industry. Meanwhile, the ‘fine’ flavor cocoa – which is 
considered to be predominantly fruity, floral and spicy – only accounts for about 5% of global 
production, whereas, ‘bulk’ flavor cocoa – typically characterized by its mildly acidic, intense 
cocoa/chocolate and earthy flavor – still remains the dominant variety accounting for over 95% of global 
production. For their acclaimed flavor attributes and limited global supply, the ‘fine’ flavor cocoa is 
highly priced and sought after over the ‘bulk’ cocoa. Although one can argue that given the right 
processing conditions, ‘bulk’ cocoa can also demonstrate unique flavor potentials, perhaps, even rivaling 
with some ‘fine’ flavor varieties. 
 
Thus, arguably, with the exception of the genetic diversity, sub-optimal post-harvest and processing 
practices may largely account for the less desirable flavor attributes of ‘bulk’ cocoa, thereby offering 
limited possibilities with ‘bulk’ cocoa and further reinforcing this parochial commercial perception of 
the ‘bulk’ cocoa flavor. Consequently, a large percentage of the farming population producing this type 
of cocoa have profited little with further repercussions on their livelihood as a result of low pricing. 
xiii 
  
Although being generally considered as ‘bulk’ cocoa, the premium quality and flavor of the Ghanaian 
cocoa has remained unparalleled among other Forastero cocoa beans worldwide. For this reason, it is 
often blended with other beans of possibly inferior quality in order to ensure consistent quality of liquor 
on the international market (Beckett, 2009; Afoakwa, 2016). Consequently, this practice by companies 
leads to the loss of the identity, uniqueness and originality of not only the Ghanaian cocoa, but also, 
cocoa from other origins. Meanwhile, the identification/recognition of these cocoa with specific/distinct 
aroma attributes coupled with further improvements in bean and chocolate processing techniques may 
have the potential to boost their industrial and economic values. Thereby, increasing farmer income, 
fostering value-addition for ‘bulk’ cocoa and possibly opening new perspectives for different specialty 
flavors. 
 
A lot of the important flavor-related processing steps have been widely investigated in the past. Of these 
however, the role of pod storage (PS) in flavor development or modification is not well known; as such, 
its importance on the final chocolate flavor has not clearly been elucidated and harnessed. PS is simply 
the act of conditioning freshly harvested ripe cocoa pods under ambient conditions (~ temperature and 
relative humidity) for a particular duration prior to their opening. The underlying study was therefore 
focused on understanding the impact of PS and its possible interactions with other subsequent processes 
(fermentation and roasting) in order to link the processes to the final flavor of ‘bulk’ cocoa and 
chocolates. Ultimately, the understanding of these dynamics will provide a tool for cocoa flavor 
improvement or diversification and further lead to the design of innovative premium origin chocolates 
from ‘bulk’ cocoa exhibiting unique flavor attributes. 
 
Objectives and research strategy  
The outline combines three main parts each of which sought to answer a specific research 
question/objective within the framework of the study: (1) Are there any relationships between PS, 
fermentation, roasting and the flavor potential of cocoa? (Part I). (2) By controlling PS and roasting, 
can you produce different chocolates with distinctively different taste and aroma from the same cocoa? 
(Part II) and (3) can you produce high quality origin chocolates at low cost using small-scale alternative 
techniques? (Part III).  
 
In Chapter 1, a detailed literature review was given providing insights into the botany of cocoa, its 
economic significance to the livelihoods of farmers and other stakeholders. Furthermore, an exposition 
regarding the mechanisms, pathways and/or factors through which the flavor of cocoa can be generated, 
developed or transformed from one form to another via various complex chemical reactions was also 
provided. Finally, the impact of various processing steps on cocoa flavor was also exposed. Part I 
(Chapters 2, 3, 4 & 5) comprised of some fundamental studies encompassing the processing factors of 
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interest and their relationships to the flavor capacity of cocoa and chocolate. First (Chapter 2), the 
popularity of the practice of PS among many Ghanaian cocoa farmers was established through a 
comprehensive survey. Thereafter, the impact of PS on the physico-chemical characteristics of cocoa 
pods and beans, aroma precursor formation and some key aroma volatiles were explored. More so, in 
Chapter 3 the further impact of PS on the overall flavor of Ghanaian origin dark chocolates was 
established through instrumental and sensory analyses. In Chapter 4, a deeper insight of the formation 
of specific aroma volatiles and their relationships with specific flavor perceptions were sought. Through 
a full factorial experimental design, the main and interaction effects of PS, fermentation and roasting 
could be linked to the origin of specific aroma volatiles in cocoa, thus underscoring the significance (or 
otherwise) of the three processes for flavor optimization. Having established their roles for specific 
flavor characteristics, the next step (Chapter 5) was to focus on investigating the possibilities of tuning 
(expressing or suppressing) the flavor of cocoa liquors by varying different levels of PS and roasting 
conditions. 
 
The insights from Part I were then applied in Part II (Chapter 6) in an endeavor to diversify the flavor 
of ‘bulk’ cocoa and chocolates. Here, ten out of fifteen specific PS-roasting protocols which previously 
showed high potential for distinct aroma profiles in cocoa liquors were selected and used for chocolate 
production. Not only that, but in order to exhibit the diversity of these chocolates, they were compared 
with similarly made chocolates from six renowned origins (Ecuador, Ghana, Ivory coast, Madagascar, 
Venezuela and Vietnam) comprising of both ‘bulk’ and ‘fine’ flavor varieties. Afterwards, comparison 
was made among these chocolates on the basis of their quality, aroma and sensory profiles.   
 
In Part III (Chapter 7), knowledge about the processing technology of chocolate and how different 
processing factors can influence the flavor and quality of chocolates were applied in an effort to develop 
alternative chocolate manufacturing techniques using low cost, small-scale equipment. This was tackled 
through an exposé of the different possibilities with the ECGC-12SLTA CocoaTown melanger and 
Stephan mixer for key chocolate manufacturing processes (grinding, refining and conching). Here, 
results from grinding and refining experiments were compared with corresponding reference samples 
from conventional processes. Likewise, the final dark chocolates were also compared with 
standard/conventional dark chocolates on the basis of their quality and flavor attributes. Chapter 10 
finally provides general conclusions for this research as well as recommendations for future studies in 
the subject area. A summarized outline of this study is shown in Fig. I.  
 
 
 
 
 
xv 
  
TOWARDS PREMIUM GHANAIAN ORIGIN CHOCOLATES 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. I: Research outline 
 
Sourcing and sampling of cocoa beans  
Ripe cocoa pods were harvested during the september-october peak season from a cocoa farm in Jachere 
in the Ahafo region of Ghana. This was representative of a cluster of farms demonstrating high potential 
quality cocoa beans following an earlier survey in this region (Kongor et al., 2017). Cocoa trees in this 
farm were approximately 31 years old. Sample preparation (pod storage, heap fermentation and drying) 
were carried out on the farm under conditions as detailed in the relevant sections in this study. Thereafter, 
samples were bagged, transported by road to a temporary storage facility in Accra, airfreighted to 
Belgium and finally transported by road to the department of Bioscience engineering – where the 
analyses were carried out. Due to administrative handlings, this duratuion could vary from 4 – 12 weeks. 
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For this and other factors such as batch to batch or seasonal variations of the beans, the major trends (as 
highlighted in the results) were initially verified over two crop seasons to ensure that these potential 
variations had been accounted for. However, due to impracticalities associated with the preparation and 
transportation of the previous samples, one large representative batch was then prepared and brought to 
Belgium from which the different studies were conducted, except with samples for the experiment in 
chapter 4 which were received in a separate order. Aside these, it is also important to consider that 
depending on the scope of the study, different equipment and/or matrices were used. For instance, the 
use of a laboratory oven versus pilot-scale oven for the roasting process – in whch case, it is indicated 
in the methodology. Finally, the possibility for minor modification of the cocoa beans (e.g. extra 
moisture uptake) during storage or transportation could also be considered as a source of varaibilty. 
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Chapter 1 
The dynamics of flavor development in cocoa and chocolates 
 
 
 
 
 
 
 
Relevant publication: 
Kongor, J. E., Hinneh, M., Van de Walle, D., Afoakwa, E. O., Boeckx, P., & Dewettinck, K. (2016). Factors influencing quality variation in 
cocoa (Theobroma cacao) bean flavour profile – A review. Food Research International, 82, 44–52. 
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1.1 Botany of cocoa 
Cocoa (Theobroma cacao L.) is the key raw material required in chocolate manufacture. It is native to 
the tropical regions of the Americas, but thrives within a range of 20° north and south of the equator – 
primarily in West Africa, South America and South-East Asia. The cocoa tree (typically 8-15 m high) 
thrives best in optimal conditions such as a temperature of 18-32 °C and humidity between 70-80% 
(Afoakwa, 2010). The morphology of the fruits vary among different varieties in terms of its size, shape, 
external color as well as appearance. The cocoa pods are oval in shape and are about 12-30 cm long. 
Enclosed in these pods are the seeds (cocoa beans) which are embedded in a very viscous and whitish 
pulp. This mucilaginous pulp is known to be rich in fermentable sugars such as such as glucose, fructose 
and sucrose. Also, the abundance of organic acids, especially citric acid, contribute to its general acidic 
nature (pH 3-3.5) (Guehi et al., 2010a,b; Lefeber et al., 2010; Lima et al., 2011). The pulp is the main 
substrate for the fermentation process, as such, its composition is critical in determining the type and 
amount of flavor precursors generated. It is primarily composed of 82-87% water, 10-13% sugars, 2-
3% pentosans, 1-2% citric acid, 1-1.5% pectin and 8-10% salts, thus, rendering it ideal for various 
microbial proliferation (Lopez and Dimick, 1995) (Fig. 1.1). Afoakwa (2016) also hinted on the presence 
of other components such as proteins, amino acids, vitamins (predominantly vitamin C) and minerals 
but in traces. A study of the Ghanaian Forastero cocoa by Nielsen (2006) revealed glucose and fructose 
as the main sugars present in the fresh pulp with only a small quantity (< 0.3%) of sucrose being present. 
Thus, as an index for the maturity of the cocoa, the ratio of the sum of the monosaccharides (glucose 
and fructose) to the quantity of sucrose can be assessed. 
 
The beans consist of an embryo with two storage cotyledons, protected by a hardened but flexible shell, 
also known as the testa (Fig. 1.1). According to Afoakwa (2016), the cotyledons consist of two main 
types of parenchyma storage cells, namely; the lipid-protein and the polyphenolic cells. Each of these 
storage cells contains several key macromolecules which can undergo various biochemical changes 
during further processing (such as fermentation) to from a variety of aroma-active compounds and other 
flavor precursors. Structurally, the lipid-protein cells can be differentiated from the polyphenolic cells. 
Here, the cytoplasm of the lipid-protein is loaded with multiple small vacuoles of lipids and proteins 
which are interspersed with starch granules, fat cells and other components. Meanwhile, among other 
constituents, a greater part of structure of the polyphenolic cell is composed of a dense vacuole which 
is filled with cocoa polyphenols and alkaloids (methylxanthines; theobromine, caffeine and 
theophylline) – both of which are largely responsible for the bitter and astringent sensations in cocoa. 
On the whole, the cotyledons from a raw bean contain approximately 30-32% fat, 5-6% phenolic 
substances, 8-10% proteins, 2-3% sucrose, 4-6% pentosans, 4-6% starch and 2-3% cellulose. Cocoa fat 
contains about 95% triacylglycerols, 2% diacylglycerols, <1% monoacylglycerols, 1% polar lipids, and 
1% free fatty acids (as percentages of lipids) (Biehl and Ziegleder, 2003). 
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Fig. 1.1: The anatomy of the cocoa seed according to Lopez and Dimick (1995). 
The major fatty acid fraction in cocoa butter are saturated (stearic acid; C18:0, 35% and palmitic acid; 
C16:0, 25%). Next to this is the monounsaturated fatty acid fraction (oleic acid; C18:1, 35%). There are 
also polyunsaturated acids such as linoleic acid (C18:2, 3%), however, this fraction is relatively small 
(Bracco, 1994).  
 
Flavan-3-ols (epicatechin and catechin) and procyanidins account for about 60% of the total phenolic 
compounds (possessing antioxidant properties) in the raw beans (Dreosti, 2000). Depending on the 
amount of anthocyanins present in the polyphenolic storage cells, the color may vary from white to deep 
purple (Wollgast and Anklam, 2000). Three main types of polyphenols can be classified in cocoa beans, 
namely; catechins or flavan-3-ols (ca. 37%), anthocyanins (ca. 4%) and proanthocyanidins (ca. 58%) 
(Wollgast and Anklam, 2000). Of the catechins, the major type in the cocoa bean is the (-)-epicatechin 
which makes up about 35% of the total polyphenol content. Others such as (+)-catechin, (+)-
gallocatechin and (-)-epigallocatechin have also been identified, however, these exist in limited 
quantities (Afoakwa, 2016). Predominantly, cyanidin-3-α-L-arabinoside and cyanidin-3-β-D-
galactoside make up the anthocyanin fraction in cocoa beans, whereas, proanthocyanidins exist mainly 
as flavan-3,4-diols (Romanczyk et al., 1997; Wollgast and Anklam, 2000). Astringency in cocoa and 
chocolates is caused by polyphenols. Ziegleder (2009) linked this effect to the solubility of epicatechins 
and the other smaller procyanidins (up to three subunits). As such those with higher molecular networks 
with more than three subunits – being insoluble – have been claimed to impart no astringency in cocoa. 
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Four main protein fractions have been identified in cocoa beans. These are the albumins (water-soluble), 
globulins (salt-soluble), prolamins (alcohol-soluble) and glutelins (soluble in dilute acids and alkali). 
Altogether, these fractions contribute to about 95% of the total bean protein (Zak and Keeney, 1976a,b). 
The albumin is a major fraction of polypeptides being responsible for about 52% of the total bean protein 
with a molecular weight of 21 kDa (Voigt et al., 1993). According to Dodo et al. (1992), these proteins 
remain intact during the fermentation process. The globulin fraction is also responsible for 43% of the 
total bean protein with three different subunits weighing 47, 31 and 16 kDa (Voigt et al., 1993; Lerceteau 
et al., 1999; Kochhar et al., 2001). These are subunits of the vicilin-type (7S) globulin (VCG), a 
glycoprotein, each of them consisting of multiple pI-forms (Lerceteau et al., 1999; Kochhar et al., 2001; 
Biehl and Ziegleder, 2003). Unlike the albumins, about 88-90% of these vicilin-class globulins can be 
degraded during the fermentation of cocoa to produce various peptides and free amino acids which are 
necessary for aroma volatile formation during subsequent drying and roasting (Voigt et al., 1993; Amin 
et al., 1998; Hue et al., 2016). According to Rawel et al. (2019), in spite of the wealth of knowledge 
about the major albumins and the vicilin-type globulins, there is currently no information about 
prolamins and glutelins as earlier indicated by Osborne (1924). Voigt et al. (1993) further argued that 
the glutelin fraction was only a residual globulin fraction. In the same study, they also reported the 
absence of prolamin in Theobroma cacao as juxtaposed to previous literature expectation.   
 
1.2 The economic value of cocoa 
Cocoa production serves as a source of livelihood for about 40-50 million people globally. These 
livelihoods are (in) directly linked to the activities of some 5-6 million farmers from various developing 
countries across tropical Africa, Asia and Latin America to whom about 90% of the total global 
production can be accredited (World Cocoa Foundation, 2010). Cocoa as a cash crop also contributes 
immensely to the national economies of many producing countries from the aforementioned regions of 
the world. Specifically in Ghana, over 70% of the labor force in the agricultural sector are said to be 
fully engaged in cocoa production. For these smallholder farmers, it is estimated that about 70-100% of 
their yearly household revenues are linked to this occupation (Anang et al., 2013; COCOBOD, 2013; 
Nunoo et al., 2014). Over the years, the industry has experienced growth due to the continuous increase 
in global demand of cocoa with a predicted yearly increase of 2-3%. In consequence, a total supply of 
4.8 million tons was recorded in the 2018/2019 crop year alone with about 70% being sourced from the 
West African region. Meanwhile, in spite of this growth in demand worldwide, the region is still faced 
with a predicted 2% yearly decline in production due to several pertinent reasons of which the issue of 
low profitability remains paramount (IDH Sustainable Trade Initiative, 2015; ICCO, 2019a). 
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Among the several possible contributory factors, poor farm management practices, aging cocoa tress, 
pests and diseases, and the loss of soil fertility have been clearly elucidated (Abekoe et al., 2002; Akrofi 
et al., 2015; Kongor et al., 2016). The results of these and several other on-going studies thus seek to 
provide various sustainable recommendations through which such issues may be addressed for the 
benefit of farmers, other stakeholders and the industry at large. However, in spite of all the 
aforementioned pre-harvest factors, the concept of sustainability cannot be fully actualized if critical 
consideration is not given to the flavor quality of the cocoa; as this plays a crucial role in the buyer 
preference and economic value of the cocoa on the international market (ICCO, 2019b).  
 
Consequently, high quality cocoa will attract premium prices and vice versa. Thus, the uniqueness of 
cocoa with respect to its flavor attributes will determine how much buyers are willing to pay for it 
(ICCO, 2019b). For this reason, the important role(s) of other post-harvest/processing factors (such as 
pod storage, fermentation, drying and roasting) for the optimal flavor quality of cocoa and its overall 
direct relation to the profitability of the cocoa beans cannot be overemphasized. Particularly, for the 
producer, an understanding of the relationships between these factors and the flavor potential of the 
beans will be highly useful for the production of high quality beans through the adaptation or 
optimization of both pre- and post-harvest practices. Likewise, the manufacturer will be equipped with 
the tools by which the flavor of cocoa can be tailored in order to suit a certain desired flavor palate 
through the optimization of the relevant processing techniques. The proceedings from the next part of 
this chapter therefore deals firstly with the exposition of the dynamics of flavor formation and release 
through various complex (bio) chemical reactions. Next, the roles of key post-harvest and processing 
steps in influencing the overall flavor characteristics of cocoa (as suited in the scope of the study) have 
also been discussed.  
 
1.3 Dynamics of flavor formation and perception 
1.3.1 Major biosynthetic pathways involved in plant volatile formation 
Plants depend on various metabolic reactions for the reasons of (1) sustaining life and cellular processes 
through energy production, (2) conversion of nutrients (food) into biomolecules; storage proteins, lipids, 
some carbohydrates and nucleic acids, and (3) eradication of unwanted waste materials (Bowsher, 2019). 
Primary metabolic reactions are directly involved in the cellular functions and necessary for growth, 
development, reproduction and respiration, among others. As such, they may be associated with 
products (primary metabolites) such as alcohols, amino acids, nucleic acids and vitamins. Conversely, 
secondary metabolic reactions are not directly involved in such processes necessary for growth and 
development. However, they may play key roles in various ecological functions (often in response to 
stimuli) such as for defense, medicinal or flavorings (in some cases of volatile organic compound 
formation). Key examples of such secondary metabolites include pigments formation (e.g. 
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anthocyanins), alkaloids, terpenoids, toxins, antibiotics and some polymers (rubber and gum) (Kessler 
and Baldwin, 2001; Vancanneyt et al., 2001). Fundamentally, each primary metabolite can be said to 
exist as a composite of different organic and inorganic biomolecules either embedded within the cell or 
obtained from an external source via nutrition of the plant. From these, various secondary metabolites 
including volatile organic compounds (VOC’s) can be produced through various enzymatic reactions in 
response to different external stimuli (Reinhard et al., 2004; Dudareva et al., 2006) (Fig. 1.2). 
 
 
 
   
 
 
 
Fig. 1.2: Evolution of metabolites from plant biomolecules. 
According to Dudareva et al. (2006), the biosynthetic pathways of many VOC’s spin off from only a 
few specific primary metabolic reactions. Of these, the pathways of all volatiles can be said to be 
summarized into four main categories, namely; (1) terpenoids, (2) phenylpropanoids/benzenoids, (3) 
fatty acid derivatives and (4) volatiles formed as amino acid derivatives (Fig. 1.3). 
  
1.3.1.1 Biosynthesis of terpenes and terpenoids 
Several pathways could lead to the formation of terpenes/terpenoids. However, they are all known to 
proceed from two main precursors (C=5); isopentenyl diphosphate (IPP) and its isomer, dimethylallyl 
diphosphate (DMAPP) (McGarvey and Croteau, 1995; Dudareva et al., 2013). Generally, every typical 
terpene or terpenoid can be identified by its skeletal isoprene unit. However, this is can be formed via 
two main metabolic pathways; the mevalonic acid (MVA) and methylerythritol phosphate (MEP) one. 
The former leads to the formation of sesquiterpenes (C15) whereas the latter is responsible for the 
hemiterpenes (C5), monoterpenes (C10) and diterpenes (C20). The six and seven-step enzymatic 
reactions involved in the MVA and MEP pathways are shown in Fig. 1.3. Here, the main acyclic 
precursors formed include GPP, FPP and GGPP from which a variety of cyclic and acyclic 
monoterpenes, sesquiterpenes, and diterpenes can be formed through the action of specific terpene 
synthases/cyclases (TPS’s) as captured in the works of Aubourg et al. (2002) and Bohlmann et al. 
(1998). Ziegleder (1990) highlighted the importance of monoterpenes in defining the ‘fine’ flavor 
character of cocoa. Linalool, myrcene and ocimene, being the common ones, have been reported to 
produce flowery, fruity, sweet and spicy notes in cocoa and chocolates (Bonvehi, 2005; Belitz et al., 
BIOMOLECULES 
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derivatives 
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SECONDARY 
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2009). Till date, the origin of these terpenes have been linked to the cocoa pulp, however, they have also 
been detected in high amounts in fermented and dried cocoa beans (Kadow et al., 2013). 
 
Fig. 1.3: Major metabolic pathways involved in the biosynthesis of volatile organic compounds 
(after Dudareva et al., 2006).  
Various pathways are in italics whereas enzymes are denoted in the boxes. Abbreviations: Acetyl-CoA, acetyl coenzyme-A; 
AOS, allene oxide synthase; DAHP, 3-deoxy-D-arabino-heptulosonate-7-phosphate; DHS, 3-dehydroshikimic acid; DMAPP, 
dimethylallyl diphosphate; DXP, 1-deoxy-D-xylulose 5-phosphate; DXR, DXP reductoisomerase; DXS, DXP synthase; Ery4P, 
erythrose 4-phosphate; F6P, fructose 6-phosphate; FPP, farnesyl diphosphate; FPPS, FPP synthase; GA-3P, glyceraldehyde-3-
phosphate; G6P, glucose 6-phosphate; GGPP, geranylgeranyl diphosphate; GGPPS, GGPP synthase; GPP, geranyl 
diphosphate; GPPS, GPP synthase; HMG-CoA, 3-hydroxy-3-methylglutaryl-CoA; HMGR, 3-hydroxy-3-methylglutaryl-CoA 
reductase; HPL, fatty acid hydroperoxide lyase; IGL, indole-3-glycerol phosphate lyase; Indole-3GP, indole 3-glycerol 
phosphate; IPP, isopentenyl diphosphate; JMT, jasmonic acid carboxyl methyl transferase; LOX, lipoxygenase; MEP, 2-C-
methyl-D-erythritol 4-phosphate; MVA, mevalonate; PAL, phenylalanine ammonia lyase; PEP, phosphoenolpyruvate; Phe, 
phenylalanine. 
 
 
 
8 
  
1.3.1.2 Phenylpropanoid/benzenoid compounds 
The primary substrate for these reaction pathways is the amino acid phenylalanine (Phe) which is 
synthesized in the plastid via the shikimate/phenylalanine biosynthetic pathways (Dudareva et al., 
2006). However, the shikimate pathway also depends on two main precursors; phosphoenolpyruvate 
(PEP) and D-erythrose-4-phosphate (E4P) – which are respectively derived from the glycolytic pathway 
and the pentose phosphate pathway (PPP) (Fig. 1.4). Since these pathways are also responsible for 
supplying precursors for the MEP pathway, there is often a competition for carbon placement with 
respect to these biochemical pathways. Thus, in this case, the role of the enzyme 3-deoxy-D-arabino-
heptulosonate 7-phosphate synthase in channeling carbon into the shikimate pathway cannot be 
overemphasized (Tzin et al., 2012). It must be noted that although the biosynthesis of Phe occurs in the 
plastids, subsequent reactions mainly responsible for VOC production rather occurs in the cytosol. The 
core phenylpropanoids/benzenoids pathway begins with the deamination of Phe to trans-cinnamic (CA) 
acid by the catalytic activity of L-phenylalanine ammonia lyase (PAL). From CA, the formation of 
benzenoids can proceed via the β-oxidative pathway, a non β-oxidative pathway, or a combination of 
these two pathways (Dudareva et al., 2013) as shown in Fig. 1.4. Also, the pathway for the formation of 
the phenylpropanoids, such as eugenol, isoeugenol, methyleugenol, isomethyleugenol, chavicol, and 
methylchavicol, have been identified to follow that of lignin formation. However, the distinction is made 
following the formation of the coniferyl alcohol intermediate from which the aforementioned 
compounds are formed. Quite unique from the previous pathways is the formation of other volatile 
phenylpropanoid-related compounds such as phenylacetaldehyde and 2-phenylethanol which are formed 
straightaway from Phe through the action of the enzyme phenylacetaldehyde synthase (PAAS) (Farhi et 
al., 2010). As aforementioned, the phenylpropanoid/benzenoid biosynthetic pathway is not only linked 
to the formation of VOC’s, but also known to be responsible for the formation of other non-volatile 
secondary metabolites such as flavonoids from the p-coumaric acid intermediate which have interesting 
roles specifically in the flavor of cocoa (Beckett, 2009; Peled-Zehavi et al., 2015). 
 
Cocoa-specific phenylpropanoid/benzenoid compounds capture most pleasant flavor volatiles including 
groups of alcohols, aldehydes and esters such as; 1/2-phenylethanol (honey, floral), benzyl alcohol 
(sweet, floral), 2-phenyl acetaldehyde (honey, floral), benzyl acetate (floral, jasmine) and 2-phenylethyl 
acetate (honey, floral) (Aprotosoaie et al., 2016). Apart from these, benzaldehyde is also very prominent 
in cocoa with a typical almond, burnt sugar and slightly bitter notes (Rodriguez-Campos et al., 2012; 
Aprotosoaie et al., 2016). With respect to cocoa, a great deal of the reaction is suspected to occur during 
the fermentation process. For instance, the origin of phenylethanol has been pinned to the bioconversion 
of phenylalanine by the activity of K. apiculata and S. cerevisiae var. chevalieri yeasts in cocoa 
fermentation (Schwan and Wheals, 2004). Phenylethanol can also acts as a precursor for the formation 
of phenyl acetaldehyde, and is further reported to be oxidized to phenylethyl acetate (Smit et al., 2005). 
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By modifying the fermentation conditions, Rodriguez-Campos et al. (2012) also observed an increase 
in the concentrations of both phenylethyl alcohol and benzyl alcohol with increasing duration at all 
temperatures. However, a decrease in concentration during five days of drying was observed. 
 
 
Fig. 1.4:  Reaction pathways involved in the biosynthesis of phenylpropanoid/benzenoid 
compounds (after Sheehan et al., 2012).  
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Solid arrows indicate established biochemical steps, whereas hypothetical enzymatic steps indicated with dashed arrows. 
Multiple dashed arrows imply multiple unknown steps. Abbreviations: 4CL, 4-coumarate CoA-ligase; ADT, arogenate 
dehydratase; BALDH, benzaldehyde dehydrogenase; BSMT (S-adenosyl-L-methionine), benzoic acid/salicylic acid carboxyl 
methyltransferase; BPBT, benzoyl CoA;benzylalcohol/2-phenylethanol benzoyl transferase; C4H, cinnamate 4-hydroxylase; 
CFAT, coniferyl alcohol acyltransferase; CHD, cinnamoyl-CoA hydratasedehydrogenase; CM, chorismate mutase; CNL, 
cinnamate CoA-ligase; DAHPS, 3-deoxy-D-arabino-heptulosonate-7-phosphate synthase; EGS, eugenol synthase; EPSPS, 5-
enolpyruvylshikimate-3-phosphate synthase; IGS, isoeugenol synthase; KAT1, 3-ketoacyl-CoA thiolase; PAAS, 
phenylacetaldehyde synthase; PAL, phenylalanine ammonia lyase. 
 
1.3.1.3 Volatiles as fatty acid derivatives 
A complete overview of the biosynthesis of volatile groups such as short-intermediate chain aldehydes, 
alcohols and some esters originating from unsaturated fatty acids (e.g. linolenic acid) is shown in Fig. 
1.5 according to Dudareva et al. (2013). The fatty acid is known to proceed from acetyl-coA which in 
turn is dependent on the availability of pyruvate from glycolysis. However, the main reaction starts when 
the unsaturated fatty acid enters the lipoxygenase (LOX) pathway with an initial oxygenation step 
leading to the formation of the highly reactive 9-hydroperoxy and 13-hydroperoxy intermediates. From 
these, a diverse range of volatiles can be formed in further steps. Alternatively, the 13-hydroperoxy 
intermediate can also serve as a substrate to form jasmonic acid and then subsequently methyl jasmonate 
by the actions of allene oxide synthase and jasmonic acid carboxyl methyl transferase respectively (Song 
et al., 2005). In cocoa, these groups of volatiles undoubtedly originate from the cocoa butter fraction – 
imparting mainly fruity, herbal and vegetal aroma attributes to the flavor of the cocoa. Among these, 
prominent volatiles include; 1/2-hexanol (fruity, green), trans-3-hexen-1-ol (grassy, green), n-hexanal 
(green) and 2-nonenal (green) (Aprotosoaie et al., 2016). 
  
1.3.1.4 Volatiles as derivatives of branched-chain amino acids 
Knudsen et al. (2006) proposed the mechanism by which several fruity/floral volatiles originate from 
amino acids in plants (Fig. 1.6). This biochemical reaction is likened to that which occurs with the 
involvement of microorganisms such as yeast and bacteria (Tavaria et al., 2002). Here, the amino acid 
either follows the decarboxylation or deamination pathways each of which may lead to an aldehyde 
formation. More so, aldehydes can also be formed directly from the amino acids by the action of the 
enzyme aldehyde synthase. From this stage, further reactions involving reduction, oxidation and/or 
esterification may lead to other forms of aldehydes, acids, alcohols and esters (Reineccius, 2006).  
 
Evidently this reaction is responsible for a wide variety of flavor volatiles in cocoa and chocolates. The 
key volatiles identified encompasses aldehydes, acids, alcohols and some esters. Afoakwa (2016) 
provided a list of aldehydes, acids (and even amines) and the amino acids responsible for these. For 
instance, 2-methylburtanal and 3-methylbutanal which mainly impart cocoa and chocolate notes can be 
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generated from isoleucine and leucine respectively. The same amino acids are also responsible for the 
respective acids; 2-methylbutanoic acid and 3-methylbutanoic acid in cocoa. Likewise, acetaldehyde 
(bitter, pungent) and acetic acid (sour, vinegar) can be formed from the amino acid alanine (Afoakwa, 
2016). 
 
 
Fig. 1.5: Reactions involved in the synthesis of fatty acid-derive volatiles.  
Stacked arrows indicate multiple enzymatic steps. Abbreviations: AAT, alcohol acyltransferase; ADH, alcohol dehydrogenase; 
AOC, allene oxide cyclase; AOS, allene oxide synthase; 9-HPL, 9-hydroperoxide lyase; 13-HPL, 13-hydroperoxide lyase; ISO, 
isomerase; 9-LOX, 9-lipoxygenase; 13-LOX, 13-lipoxygenase; OPR, 12-oxophytodienoate reductase. 
 
The cocoa fermentation process has mostly been ascribed to be responsible for the formation of several 
alcohols as identified in dried cocoa beans. Two of the most principal amyl alcohols identified in cocoa 
fermentation are 3-methyl-1-butanol (isoamyl alcohol) and 2-methyl-1-butanol (amyl alcohol). The 
source of the former has been linked to the activities of K. apiculata and S. cerevisiae during cocoa 
fermentation (Schwan and Wheals, 2004). Dickinson et al. (1997) and Dickinson et al. (2000) have also 
reported the activity of S. cerevisiae in the catabolism of leucine and isoleucine leading to the formation 
of isoamyl alcohol (fruity) and amyl alcohol (fruity) respectively. Rodriguez-Campos et al. (2012) 
reported that the concentration of isoamyl alcohol decreased when the fermentation time was increased, 
independent of the drying temperature. They also reported the oxidation of the 3-methyl-1-butanol to 
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isoamyl acetate in the same complex biochemical reaction. Likewise, the esterification of amyl alcohol 
to amyl acetate (fruity; banana) has also been reported and further suggested as a possible index for 
monitoring the fermentation of cocoa (Rodriguez-Campos et al., 2011). 
 
 
Fig. 1.6: Synthesis of volatiles derived from branched-chain amino acids (after Dudareva 
et al., 2013).  
 
1.3.2 Volatiles formation through thermal reactions 
According to Parker (2015) the major thermal reactions involved in flavor generation include; the 
Maillard reaction, sulfur reactions, lipid oxidation and caramelization. Here, focus would be laid on the 
first three reactions since they are highly relevant for flavor generation in cocoa. 
1.3.2.1 The Maillard reaction  
The Maillard reaction is the main reaction which governs flavor formation in thermally processed foods 
(baking, frying, roasting, etc.). It was first introduced by the French chemist Louis Camille Maillard 
(1878-1936) and further developed by John E. Hodge (1914-1996), an African-American chemist. 
Following his success in unearthing and explaining several of the pathways, many other researchers 
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have since joined the quest to disentangle the complexities regarding this popular network of reactions 
(Chan and Reineccius, 1994; Fennema, 1996; Dimick and Hoskin, 1999; Cremer and Eichner, 2000; 
Jousse et al., 2002; Ramli et al., 2006; Van Boekel, 2006; Belitz et al., 2009; Coultate, 2009; Kerler et 
al., 2010; Jumnongpon et al, 2012; Marcus, 2016). According to Nursten (2005), volatiles originating 
from the Maillard reaction can be categorized under three main groups as follows:  
1. Simple sugar dehydration/fragmentation products: furans (e.g. 5-hydroxymethylfurfural 
(HMF), pyrones (e.g. maltol), cyclopentenes (e.g. methylcyclopentenolone), carbonyls (e.g. 2,3-
butanedione) and acids (e.g. acetic acid). 
2. Simple amino acid degradation products: (a) Strecker aldehydes such as formaldehyde, 2-
methylbutanal and 3-methylbutanal from glycine, isoleucine and leucine respectively, (b) sulfur 
compounds such as hydrogen sulfide from cysteine as well as methanethiol and acrolein from 
methional.  
3. Post-Strecker degradation products: pyrroles, pyridines, imidazoles, pyrazines, oxazoles, 
thiazoles and complex compounds following aldol condensation reactions. 
 
1.3.2.1.1 The early stage 
Sugar-amine condensation reaction  
The Maillard reaction is initiated when an amine attacks a carbonyl carbon to form an imine (also called 
the Schiff’s base) (Fig. 1.7). Additionally, the reaction may be associated with the release of water in 
the case of a primary amine. Due to an increase in protonation of the carbonyl carbon, this reaction is 
seen to advance faster under acidic conditions. More so, a similar effect is observed under reduced 
moisture conditions (Parker, 2015). Whereas the amine group originates from a free amino acid, the 
carbonyl group is often supplied by an acyclic sugar with reducing properties.     
The Amadori/Heyns rearrangement  
Depending on the sugar unit, the Schiff’s base can undergo several rearrangements to form different 
intermediates. For an aldose sugar, an acid-catalyzed rearrangement through an eneaminol intermediate 
is prominent. This is the Amadori rearrangement. However, for a ketose sugar, the reaction follows the 
Heyns rearrangement (Fig. 1.7). Teranishi et al. (1998) observed that both Amadori rearrangement 
products (ARP) and Heyns rearrangement products (HRP) may be interconvertible in the midst of the 
abundance of amino groups. Considering the fact that an amine and a carbonyl are the main initiators of 
the reaction, it should be noted that the role of the type and reactivity of the amino acids and sugars for 
the propagation of the Maillard reaction is of utmost importance. Thus, different levels of the different 
precursors may influence the outcome of the reaction and consequently the final flavor of the product.
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Fig. 1.7:  The initial stage of the Maillard reaction (after Teranishi et al., 1998).
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1.3.2.1.2 The intermediate stage  
This involves the fragmentation and dehydration of sugar moieties as well as the fragmentation of amino 
acids in a process known as the Strecker degradation. Also, this marks the initiation of the series of 
reactions leading to color formation.  
Sugar fragmentation and degradation  
The fragmentation of sugar is pH dependent. At low pH, the 1,2-enolization pathway becomes 
prominent, leading to the loss of water and the release of amino acid and 3-deoxyhexosulose (3DH) after 
the hydrolytic breakdown of the imine. Major side products which could be formed from 3DH at this 
stage include; 5-hydroxymethylfurfural (HMF) and N-methylpyrroles or 2-furfural depending on 
whether ammonia is present or if the base unit of the sugar is a pentose respectively. However, other 
minor intermediates formed from the fragmentation of 3DH may also include formic acid, 
methylglyoxal and glyceraldehyde as shown in Fig. 1.8. When the pH is high, the 2,3-enolization instead 
of 1,2-enolization pathway is favored. This mainly involves the loss of an amino acid in a reaction 
leading to the formation of the 1-deoxyhexosulose (1DH) intermediate which then becomes the source 
of several highly unstable dicarbonyl and hydroxycarbonyl compounds following its fragmentation. 
 
The result of many compounds such as acetic acid, hydroxypropanone (acetol), methylglyoxal, 
glyceraldehyde, pyranone, 2,3-butanedione, acetaldehyde and furaneol have been linked to these 
fragmentation products (Weenen, 1998; Smuda and Glomb, 2013). Moreover, this pathway is also 
known to be responsible for the formation of key furanones and pyranones such as 2-acetyl-3-
hydroxyfuran (isomaltol) and 4-hydroxy-5-methyl-3(2H)-furanone (norfuraneol) (Parker, 2015).   
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Fig. 1.8: The intermediate stage of the Maillard reaction – sugar fragmentation (after Parker, 2015). 
Volatiles: (1) HMF; (2) formic acid; (3) 2-furfural; (4) methylglyoxal; (5) glyceraldehyde; (6) acetic acid; (7) hydroxypropanone (acetol); (8) pyranone; (9) maltol; (10) 2,3-butanedione; (11) 
acetaldehyde; (12) hydroxypropanone; (13) furaneol. 
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Strecker degradation 
This is another carbonyl-amine condensation reaction involving the interaction between an α-dicarbonyl 
compound and an amino acid leading to the formation of an α-aminoketone and a Strecker aldehyde 
(Fig. 1.9). Notably, the type of aldehyde formed is determined by the type of amino acid initiating the 
attack. More so, under these conditions, other fragments may be formed from specific amino acids which 
can later participate in other heterocyclization reactions to form pyrazines and pyrroles. Table 1.1 
provides a full overview of the role(s) of specific amino acids in the formation of some Strecker 
aldehydes and other reaction intermediates. Additionally, the work done by Granvogl et al. (2012) also 
revealed a group of intermediates; oxazolines, which are formed under dry or low moisture conditions 
and are known to later release Strecker aldehydes in the presence of adequate moisture. Consequently, 
compounds such as 2-isobutyl-5-methyl-3-oxazoline have been reported in dark chocolate. 
 
 
Table 1.1: Role of specific amino acids in Strecker aldehyde and other volatile formation (after 
Afokawa, 2016, Granvogl et al., 2012 and Nursten, 2005) 
 
 
   
 
 
 
 
 
 
Fig. 1.9: Intermediate stage of the Maillard reaction – Strecker degradation (after Parker, 2015). 
 
Highly odor-active compounds Reactive intermediates 
Amino acid Strecker aldehyde Amino acid Strecker aldehyde 
Valine 2-Methylpropanal Glycine Formaldehyde 
Leucine 3-Methylpropanal Alanine Acetaldehyde 
Isoleucine 2-Methylbutanal Cysteine 
Acetaldehyde, ammonia 
and hydrogen sulfide 
Phenylalanine Phenylacetaldehyde Serine Glycolaldehyde 
Methionine Methional Threonine 2-Hydroxypropanal 
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1.3.2.1.3 The final stage  
Formation of pyrazines 
A carbonyl-amine condensation of two amino ketones from the Strecker degradation is responsible for 
this reaction. The result is a dihydropyrazine which undergoes further oxidation to form pyrazines (Fig. 
1.10a). Pyrazines can however be formed without an oxidation step when the α-hydroxy group is present 
as a side chain (e.g. serine, threonine) as can be seen in Fig. 1.10b. 
(a) 
 
(b)  
 
Fig. 1.10: Pyrazine formation (a) with an oxidation and (b) without an oxidation step (after 
Nursten, 2005 and Shibamoto and Bernhard, 1977). 
 
Fig. 1.11 also shows different routes through which various pyrazines can be formed. Route 1 illustrates 
the formation of 2,3-dimethylpyrazine from glyoxal and 2,3-butanedione. Meanwhile other pathways 
have also been identified for more highly substituted pyrazines with lower odor threshold values 
(OTVs). For these pyrazines, one of the substituents must be derived from an aldehyde, usually, a 
Strecker aldehyde. For instance, in this case, whereas the methyl substituent is known to originate from 
formaldehyde through the Strecker degradation of glycine, the ethyl group originates from acetaldehyde 
through the degradation of alanine or cysteine (or even from lipids). Likewise, the isopropyl, 2-
methylbutyl and 3-methylbutyl substituents originate from valine, isoleucine and leucine, respectively 
(Parker, 2015). In route 2 (a non-oxidative route), it is suggested that the ethylation of the pyrazine is as 
a result of the condensation of the dihydropyrazine intermediate with acetaldehyde (Parker, 2015). Route 
3 also demonstrates other possible ways of introducing acetaldehyde at the early stage during the thermal 
synthesis of ethylpyrazine. Firstly, this can be achieved by introducing acetaldehyde into the dicarbonyl 
structure through its aldol condensation with oxaldehyde to yield 1,2-butanedione – which can then 
continue through the oxidative pathway together with 2,3-butanedione to create a pyrazine as 
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demonstrated in Fig. 1.11. According to Yaylayan et al. (2000), 2,3-diethylpyrazines can also be formed 
similarly from 3,4-hexanedione which can originate from the condensation of 1,2-butanedione with 
acetaldehyde. Secondly, the chain can be elongated by the reaction of a free amino acid with oxaldehyde 
as also indicated in Fig. 1.11.  
 
 
Fig. 1.11: Reaction pathways involved in the formation of pyrazines (after Parker, 2015). 
In the studies conducted by Koehler and Odell (1970), several factors influencing the dynamics of 
pyrazine formation in a model system of glucose and asparagine were reported. At a temperature below 
100 °C, no pyrazines could be detected, however, the yield increased sharply with increasing 
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temperature beyond 100 °C. This increment was even more pronounced at a temperature of 120 °C in 
function of time until it peaked after 24 h. Within the first 3 h, methyl pyrazine was the major volatile 
reported, however, an increment from 3-9 h also resulted in a rise in the ratio of dimethyl to methyl 
derivatives formed. More so, adjusting the fractions of the reactants also affected the formation of 
pyrazines. For instance, whereas a 3-fold increase in the concentration of glucose over asparagine, 
resulted in a 10-fold and 25-fold decrease in the quantities of methylpyrazine and the dimethyl 
compounds respectively, a reverse proportion of 1:3 for the reactants only reduced the yield of the former 
by a quarter. Furthermore, the addition of 0.1M sulfuric acid dramatically reduced the levels of pyrazines 
to almost zero, whilst a 10-fold and 5-fold increase in the yields of methylpyrazine and dimethyl 
compounds respectively were recorded for the addition of 0.1M NaOH. The levels of pyrazines 
generated with asparagine were five folds higher than for systems with glycine, alanine, lysine and 
aspartate. The incorporation of ammonia increased methylpyrazine by 13 folds but also decreased the 
dimethyl compounds over seven folds. The use of fructose instead of glucose also increased the yields 
of both methyl- and dimethylpyrazines, however, the effect on the latter was higher. There was also a 
reported decrease in yield of these pyrazines when arabinose was used as the substrate sugar. 
 
Finally, substituting glucose with various fragmentation products also had important impact on the types 
of pyrazines formed. For instance, whereas, glyoxal yielded essentially unsubstituted pyrazines and 
some methyl derivatives, butanedione resulted in a greater yield of tetramethylpyrazine. Evidently, 
hydroxyacetone also yielded an exceeding amount of dimethylpyrazines in the system (Koehler and 
Odell, 1970; Parker, 2015). Typical cocoa-specific pyrazines include; 2,3,5,6-tetramethylpyrazine 
(cocoa, chocolate, coffee), 2,3,5-trimethylpyrazine (cocoa, chocolate, nutty), 2-methylpyrazine (nutty, 
chocolate, cocoa), 2-ethylpyrazine (nutty) and 2,6-dimethylpyrazine (nutty, coffee, green) (Aprotosoaie 
et al., 2016). 
  
Formation of pyrroles and pyridines 
The formation of pyrroles have been linked to different stages of the Maillard reaction. In the same way 
as furfural, pyrroles have also been reported as side products of the 1,2-enolization pathway toward the 
formation of melanoidins (Fig. 1.12). In a completely different series of transamination reactions 
involving proline and hydroxyproline, Tressl et al. (1993a) demonstrated proline as the precursor for 
maltoxazine (typical in dark malt) and N-5-hydroxy-methylfurfurylpyrrolidine, whereas, 
hydroxyproline was seen to be the source of N-alkylpyrroles and indolizinones. Several proposed 
mechanisms underlying the formation of 2-acetyl-2-pyrroline can be found in Tressl et al. (1993a), 
Schieberle (1995), and Adams and De Kimpe (2006). Generally, the formation of pyridines have also 
been linked to the thermal degradation of amino acids containing a sulfur group in their structure. This 
is possible with (out) the presence of glucose. Other known sources include their formation in glucose-
21 
  
proline systems, degradation of Amadori intermediates of glucose-glycine systems, as well as the 
pyrolysis of α- and β-alanine (Nursten, 2005). 
 
 
Fig. 1.12: Formation of pyrroles (after Kato and Fujimaki, 1968). 
 
Both pyrroles and pyridines are marked with typical roasty, toasty and caramel notes. Two of such 
volatiles are 2-acetyl-1-pyrroline and 6-acetyl-1,2,3,4-tetrahydropyridine which are known to originate 
from 1-pyrroline – a product of the Strecker degradation of proline and ornithine. Although 4-
aminobutyraldehyde (also a Strecker aldehyde of ornithine) has also been reported to minimally react 
with 2-oxopropanal to form 2-acetyl-1-pyrroline (Nursten, 2005). However, 6-acetyl-1,2,3,4-
tetrahydropyridine is formed from the reaction between hydroxypropanone and 1-pyrroline. 2-
Acetyltetrahydropyridine, also an important pyridine with the typical aroma of popcorn, has also been 
demonstrated to be formed from a proline-dihydroxyacetone model system according to Hunter et al. 
(1969). However, a mechanism based on Hodge et al. (1972) can be seen in Fig. 1.13. In cocoa and 
chocolates, the following pyrroles and pyridines play a key role in defining the final flavor; 2-
acetylpyrrole (chocolate, hazelnut), 1-(2-furanylmethyl)-1H-pyrrole (roasted, chocolate, green) and 3-
hydroxy-2-methylpyridine (wizened) (Bonvechi, 2005; Afoakwa, 2016). 
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Fig. 1.13: Formation 1-pyrroline, N-acetonyl-2-pyrroline and 2-acetyl-1,4,5,6-tetrahydropyridine 
from proline (after Hodge et al., 1972). 
 
Formation of furans 
Furanone (furaneol) is mainly developed during the industrial drying and roasting processes via sugar 
degradation, and it is of great interest for the aroma intensity because of its pleasant caramel taste 
(Ziegleder, 1991). According to Miralles-Garcia (2008), the formation of high quantities of the furans, 
furanones and pyranones group occur mainly by the caramelization of sugars. Though furfural and 
furans are well- known caramelization products from C5 sugars, they can also be formed through the 
Maillard reaction pathways involving nitro compounds (Miralles-Garcia, 2008). Furfuryl pyrroles which 
are nitrogen heterocycles are reported by Rizzi (1974) to be formed from the participation of proline and 
hydroxyproline in the Strecker degradation or reaction of an amino acid with the corresponding furan. 
Furfuryl pyrrole produces roasted, chocolate, green aroma contributing to the flavor (Schnermann and 
Schieberle, 1997). By comparing the thermal conditioning of glucose-glycine model systems in both 
dry (pyrolysis) and aqueous conditions, Yaylayan et al. (2000) observed that 5-methylfurfural was 
formed in both conditions with total incorporation of the parent glucose (labelled at C1) in the final 
product. However, more volatiles were generated through pyrolysis compared to those from the aqueous 
medium. Other furans identified included 2-acetylfuran, 2-hydroxymethylfuran and 2-methyldihydro-
3(2H)-furanone, each of which was formed in the two systems but at different degree of incorporation 
of the parent precursors. Common furans in cocoa and chocolates include; 2-acetylfuran (sweet, 
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balsamic, coffee), 2-acetyl-5-methylfuran (nutty), 2-furfural (almond) and dihydro-3-hydroxy-4,4-
dimethyl-2-furanone (coconut) (Aprotosoaie et al., 2016). 
 
Formation of oxazoles and imidazoles 
As previously discussed, the Strecker degradation reaction is the source of the various α-aminocarbonyls 
intermediates which are the established precursors of pyrazines. However, these degradation products 
are also known to give rise to other groups like pyrroles, oxazoles and imidazoles (Nursten, 2005). For 
instance, two potent oxazoles; 2,4,5-trimethyloxazole and 4,5-dimethyloxazole are known to originate 
from acetaldehyde and formaldehyde respectively following their formation from the Strecker 
degradation reaction. Since the imidazole unit is already embedded in the amino acid – histidine, it has 
been demonstrated to react with glucose under thermal conditions (220 °C) to produce both 2-acetyl- 
and 2-propionylpyrido[3,4-d]imidazole and its tetrahydropyrido derivatives (Gi and Baltes, 1994; 
Nursten, 2005). These volatiles were also obtained when histidine was heated in the presence of 2-
oxopropanal in a mechanism as proposed by Gi and Baltes (1994) (Fig. 1.14). 
 
 
Fig. 1.14: Proposed mechanism for the formation of 2-acetylpyrido[3,4-d]imidazole through the 
Strecker degradation of histidine with 2-oxopropanal (after Gi and Baltes, 1994). 
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The aldol condensation reaction 
This is a key reaction observed during the intermediate and final stages of the Maillard reaction. Parker 
(2015) refers to this as the ‘sink’ for excess dicarbonyl compounds given its role in mopping up most of 
the redundant short chain aldehydes produced in the intermediate stage. It is basically a reaction between 
two carbonyl groups of which the enolate specie (nucleophilic) must attack the other carbonyl group in 
order to form an α,β unsaturated carbonyl after the loss of water. These series of reactions then become 
the beginning of various polymerization reactions which results in a variety of complex cyclic molecular 
structures responsible for the typical browning/dark coloration associated with the Maillard reaction. In 
most food matrices, the height of the aldol condensation is often linked to the plentitude of aldehydes 
available as a result of the Strecker degradation and lipid oxidation reactions. Interestingly, not only are 
the condensates color-related, but some products have been shown to have remarkable odorous 
properties. For instance, some aldol condensates produced from methional are reportedly partially 
responsible for the typical aroma of potato chips (Buttery, 1973). Likewise, methylbutanals (malty) are 
known to react among themselves and phenylacetaldehyde to form condensates with typical ‘chocolate’ 
aroma note (Parker, 2015). 
  
Biter, sweetness enhancers and cooling compounds 
The Maillard reaction is also noted for the formation of certain compounds that impart both bitterness 
and astringency. In a model system, Tressl et al. (1985) identified eleven cyclopent(b)azepin-8(1H)-
ones and eight 2-(1-pyrrolidinyl)-2-cyclopentenones from proline–monosaccharide and proline–cyclic 
enolone systems. Although both groups of compounds were bitter, the latter was additionally found to 
be extremely astringent. More so, bitter compounds such as indolizinium-6-olates have been reported in 
systems containing alanine with xylose and rhamnose with about 6-fold increase in abundance in the 
presence of furfural (Frank et al., 2003). Not only these, but other compounds with sweetness enhancing 
properties (such as alapyridaine) and cooling properties (e.g. menthol) have also been identified in 
relation to the Maillard reaction (Nursten, 2005). 
 
1.3.2.2 Formation of sulfur compounds 
The key amino acids responsible for these type of reactions are typically those with a sulfur group within 
their structure. Of these, the roles of cysteine and methionine have been highly recognized during the 
Maillard reaction (Parker, 2015). Especially in cocoa and chocolates, highly odorous sulfur compounds 
such as dimethyldisulfide (sulfurous), dimethyltrisulfide (cabbage, sweaty), trithio acetone (sulfurous, 
earthy, wizened) and benzenethiol (repulsive), among others, have been identified (Afoakwa, 2016; 
Aprotosoaie et al., 2016). However, due to their strong, repulsive odor, these groups of volatiles are 
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mostly considered to be less desirable and detrimental to the overall flavor. The major pathways 
involved in their formation are as outlined below.  
  
The Maillard reaction of cysteine 
The studies of Mulders (1973) sheds light on the possible reaction pathways of cysteine in the Maillard 
reaction using a ribose/L-cysteine/cystine model. In a proposed mechanism where 2-acetylthiazole is 
formed (Fig. 1.15), L-cysteine is said to condense with methylglyoxal (a degradation product of reducing 
sugars) to form a Schiff’s base. The Schiff’s base then proceeds through further decarboxylation and 
cyclization to form 2-acetylthiazolidine. A final oxidation step is necessary to form the 2-acetyl-2-
thiazoline and 2-acetylthiazole both of which have a typical popcorn-like aroma (Parker, 2005). 
Likewise, by heating a solution of L-cysteine and ribose, Hofmann and Schieberle (1995) also observed 
the formation of 5-acetyl-3,6-dihydro-2H-1,4-thiazine in addition to 2-acetyl-2-thiazoline and 2-
acetylthiazole. Not only these, the authors also reported other sulfur-containing volatiles in similar 
model systems with the aforementioned precursors. These included; 2-furanmethanethiol, 3-mercapto-
2-pentanone, 2-methyl-3-furanthiol, 5-acetyl-3,4-dihydro-2H-1,4-thiazine, 3-mercapto-2-butanone, 
bis(2-methyl-3-furyl) disulfide, 2-formylthiophene, 2-acetyl-2-thiazoline, 1-mercapto-2-propanone, 2-
methyltetrahydrothiophen-3-one and 3-methyl-3-thiophenethiol. Furfural is considered as a potent 
precursor for 2-furanmethanethiol. However, glucose has also been demonstrated as precursors for both 
furfural and 2-furanmethanethiol although this is not as active as a pentose (Hofmann and Schieberle, 
1995).   
 
Fig. 1.15: Mechanism for the formation of 2-acetylthiazole (after Mulders, 1973). 
Denotation: (2) L-cysteine; (3) methylglyoxal; (4) 2-acetylthiazolidine; (5) 2-acetyl-2-thiazoline; (6) 2-acetylthiazole. 
 
Strecker degradation of methionine 
The reaction mechanism is shown in Fig. 1.16 where methionine is involved in a carbonyl-amine 
condensation to form the Schiff’s base, which further loss of carbon dioxide to form its tautomeric 
intermediates. It is then hydrolyzed to form an α-aminoketone and the Strecker aldehyde; methional. 
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The latter undergoes further fragmentation yielding acrolein and methanthiol. From methanthiol, 
dimethyl disulfide can be formed through a subsequent oxidation step. 
 
Fig. 1.16: Strecker degradation of methionine leading to (a) the formation of (42) decarboxylated 
Schiff base intermediate; (b) formation of (44) methional under aqueous conditions and the 
following decomposition to (46) methanthiol and (47) dimethyl disulfide; (c) formation of (48) 3-
oxazoline derivative under dry conditions and the formation of (44) methional in an aqueous 
condition (after Granvogl et al., 2012). 
 
 
1.3.2.3 Volatiles from lipid oxidation 
Lipid oxidation is a very important reaction not only with respect to rancidity and product deterioration 
but it is also responsible for most lipid-derived aroma volatiles during processing such as thermal 
treatment. Generally, the oxidative reactions can be described in three ways depending on the trigger or 
conditions of the reaction, namely; (1) enzymatic oxidation, (2) auto-oxidation and (3) photo-oxidation. 
Like the name suggests, enzymatic oxidation occurs in foods with deteriorated cellular components, in 
which case, enzymes (lipoxygenases, catalases, etc.) propagate the oxidation reaction, such as during 
fermentation. Auto-oxidation involves an inherent oxidative process often triggered by an exposure of 
the lipid to thermal energy or the presence of trace compounds of metal ions or (lipo) hydroperoxides 
as typically found in natural ingredients (Parker, 2005). Lastly, photo-oxidation is the reaction which is 
triggered by an exposure to light. Generally, each of these reactions follows three major steps as follows. 
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1. Initiation reaction - where a radical specie is formed leading to a hydrogen attack on the fatty 
acid chain. 
2. Propagation - reaction of the lipid radical with oxygen to create a lipid hydroperoxide and 
another lipid radical which then repeats another initiation process. 
3. Termination - which involves an interaction of the different radical species to form more stable 
units or stabilization of the radical by an antioxidant.  
 
In Fig. 1.17, the auto-oxidative reaction which is prominent during thermal processing is explained using 
oleic acid. This reaction begins with a removal of a hydrogen from the structure leading to the formation 
of a lipid radical. This radical then further reacts with oxygen to form a lipid hydroperoxide. Although 
unsaturated fatty acids are more likely to oxidize due to the unstable double bond, the oxidation of 
saturated fatty acids is also possible, especially during thermal treatment (Parker, 2015). The next stage 
involves the fracturing of the C-C bond of the hydroperoxide radical to form several products as shown 
in Fig. 1.17. However with respect to saturated fatty acids, the removal of the hydrogen can be unguided 
due to the absence of a double bond. As such, a variety of products with varying chain lengths including 
aldehydes, alcohols, alkanes, carboxylic acids and lactones can be obtained (Parker, 2015).  
 
Considering the extremely high reactivity of polyunsaturated fatty acids such as linoleic acid, the 
abstraction of hydrogen and subsequent tautomerization of the radical can form stable intermediates at 
different carbon positions from which the cleavage can occur. Thus, additional volatiles such as hexanal, 
(E,Z)-2,4-decadienal, 2-alkenals, 2,4-alkadienals and 2-alkylfurans have been formed through this 
mechanism. Also, some ethyl esters have been identified from the oxidation of linolenic acid under 
roasting temperatures (Parker, 2015). In considering the aroma profile of cocoa and other fat-based 
matrices, it is therefore important to consider the processing conditions applied, such as the roasting 
protocol (which can influence the reaction pathway) as well as the fatty acid profile (which is influenced 
by genetic variety, species or other nutrient uptake from the soil). Some cocoa-specific volatiles 
suspected to be derived from the cocoa butter (fat) fraction via this reaction pathway include; n-hexanal 
(green), 2-nonenal (green), n-pentanal (pungent), 2-octenal (fatty, waxy), heptanal and nonanal 
(Afoakwa, 2016; Aprotosoaie et al., 2016). 
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Fig. 1.17: Mechanism of lipid oxidation using oleic acid (after Parker, 2015). 
 
1.3.2.4 Interplay between the Maillard and lipid oxidation reactions 
The significance of the Maillard reaction and the lipid oxidation reaction in aroma volatile formation 
cannot be overemphasized. Individually, these are known to be responsible for specific products 
conferring unique aroma/flavor profiles. However, in a complex matrix where all these reactions are 
occurring simultaneously, such as during roasting of cocoa, possible interactions between these products 
during further reactions may ensue, thus, leading to the formation of completely new products with 
different aroma characteristics. Not only that, but also the interaction between these reactants could 
result in either the suppression or expression of specific aroma volatiles.  
 
In Parker’s (2015) account, a typical Maillard reaction resulted in high levels of sulfur-containing 
volatiles including 2-methyl-3-furanthiol, 3-mercapto-2-pentanone and 2-furanmethanethiol. However, 
in the presence of phospholipids, completely new products together with extra lipid oxidation products 
could also be identified. Among these were several alkyl thiophene derivatives, alkanethiols (such as 1-
heptanethiol, 1-octanethiol) and 2-pentylpyridine. Farmer and Mottram (1990) also confirmed that the 
quantities of disulfides with a 2-methyl-3-furylthio component decreased in a heated solution consisting 
of L-cysteine, ribose and egg phospholipids compared to a similar system without lipids. Other 
compelling findings in relation to the impedance of some heterocyclic compounds by lecithin in the 
Maillard reaction have also been reported by Whitfield et al. (1988). Interestingly, certain unique paths 
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leading to the formation of alcohols (e.g. pentanol) and alkylfurans (e.g. 2-pentylfuran) important for 
the flavor of cocoa/chocolates have also been identified in Maillard-lipid systems. 
 
1.4 Key factors affecting the flavor quality of cocoa and chocolate 
The acceptability and overall quality of cocoa and products, particularly chocolates, reside in its 
exquisite flavor stemming from an aggregation of aromatic flavor components (Magi et al., 2012). In 
totality, over 600 identifiable volatile and non-volatile compounds intricately complement each other in 
producing the complex chocolate flavor (Crafack et al., 2014). These compounds exist in the forms of 
nitrogen and oxygen heterocyclic compounds, aldehydes, ketones, esters, alcohols, hydrocarbons, 
nitriles, sulphides, pyrazines, ethers, furans, thiazoles, pyrones, acids, phenols, imines, amines, oxazoles, 
and among others pyrroles (Hoskin and Dimick, 1984; Schnermann and Schieberle, 1997; Jinap et al., 
1998; Counet et al., 2002; Taylor, 2002; Granvogl et al., 2006; Reineccius, 2006; Afoakwa et al., 2008; 
Frauendorfer and Schieberle, 2008; Ziegleder, 2009). The variability in cocoa flavor and quality is 
determined to a large extent by the roles played by several contributing factors. These comprise of pre-
harvest, post-harvest and manufacturing factors such as the variety or genotype, bean composition, soil 
type, age of cocoa tree, pod storage, fermentation, drying, bean storage and transportation, roasting, 
alkalization and conching (Afoakwa et al., 2008; Owusu et al., 2012; Afoakwa, 2016; Aprotosoaie et 
al., 2016; Kongor et al., 2016). Of these, the key factors that are of interest to this study have been 
discussed below. 
 
1.4.1 Influence of genotype and origin of cocoa on bean flavor quality 
Cocoa beans from different genotype and origin of cocoa tree have been marked for their distinct flavor 
characteristics (Table 1.2). Currently, three broad cultivars of cocoa are commonly recognized: 
Forastero, Criollo, Trinitario and a fourth variety; a unique type of Forastero typically grown in 
Ecuador, called Nacional (Awua, 2002; Bartley, 2005; Counet et al., 2004; Motamayor et al., 2008). 
The cultivars exhibit differences in the resistance to pests and diseases, appearance of pods, yield of 
beans and most importantly, flavor characteristics (Afoakwa, 2010; Afoakwa et al., 2008; Adeyeye et 
al., 2010). These differences in flavor can be attributed to the inherent genetic composition of the bean, 
botanical origin, location of growth and growing conditions such as climate, the amount and time of 
sunshine and rainfall, and soil conditions all contribute to variations in the final flavor formation. 
Forastero, native to the Amazon basin (Lima et al., 2011), constitutes about 95% of global cocoa 
production (Saltini et al., 2013) and is commonly referred to as ‘bulk’ or ‘basic’ cocoa in trade. It is 
predominantly cultivated in West Africa particularly in Ivory Coast, Ghana, Nigeria and Cameroon. 
These beans are typically intense in cocoa note, slightly bitter, less fruity/floral and also astringent due 
to the abundance of anthocyanin in the beans. 
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Table 1.2: Flavor profiles of cocoa as influenced by bean origin and variety (after Reed, 2010) 
Origin Cocoa variety Flavor profile 
Ivory Coast  Forastero  Good cocoa impact, low bitterness, low acid, 
fruity, nutty  
Ghana  Forastero hybrids  Strong chocolate flavour  
Nigeria  Forastero hybrids  Medium cacao, occasional off-notes  
São Tomé & 
Principe  
Forastero  Good cocoa flavour, bitter, spicy, fruity, earthy  
Madagascar  Criollo  Winey, putrid, citrus  
Venezuela  Criollo "Porcelana"  Mild chocolate, slightly bitter, distinct fruity 
notes (plum and cherry)  
Brazil  Forastero  Cocoa impact, bitter, acid, astringent (sometimes 
rubber, hammy, smoky), some fruitiness, no 
nutty notes  
Colombia  Trinitario and Criollo  Fruity, bitter, cacao  
Peru  Forastero  Slightly bitter and fruity  
Ecuador (home of 
Arriba)  
Forastero (Nacional)  Balanced profile, low chocolate, floral, fruity, 
grass, earthy notes  
Mexico (Tabasco)  Criollo/Forastero hybrids  Low chocolate, strong acid, low fruitiness  
Panama  Forastero  Moderate chocolate, acidic, fruit and nut notes  
Jamaica  Forastero  Fruity  
Dominican Republic 
(Sanchez)  
Criollo/Forastero hybrids  Low cacao, flavourless, bitter  
Dominican Republic 
(Hispaniola)  
Criollo/Forastero hybrids  Winey, earthy, can have tobacco notes  
Costa Rica  Forastero  Fruity, balanced cocoa flavour  
Trinidad & Tobago  Trinitario (birthplace)  High cacao, nutty and winey notes, aromatic  
Grenada  Trinitario  Chocolate, fruity, floral, grassy, woody  
Indonesia  Criollo/Forastero hybrids  Low chocolate, acidic, fruity  
Sulawesi  Criollo/Forastero hybrids  High bitter, low sour, low cacao, astringent  
Java  Criollo/Forastero hybrids  Mild, bland profile, acid, low cacao, light colour  
Papua New Guinea  Hybrids/pure Criollo and 
Forastero  
Variable strong acid, floral, mild, nutty  
Malaysian  Forastero hybrids  Low to medium cacao, medium to high acidity, 
astringent (due to fermentation level) phenolic  
 
 
Criollo is the original cultivated cocoa, indigenous to Northern, South, and Central America. The beans 
are white to ivory or have a very pale purple color, due to an anthocyanin inhibitor gene (Fowler, 1999), 
thus rendering them less astringent. Their low yields and susceptibility to many diseases make them rare 
to cultivate. Nowadays, its cultivation is limited to Central America and a few regions in Asia (Fowler, 
1999; Thompson et al., 2007). Criollo cocoa is considered as a ‘fine’ flavor cocoa due to its unique 
fruity/floral, spicy and less acidic and bitter notes. The Trinitario type originated in Trinidad and covers 
all the products of natural hybridization and recombination of the Criollo and Forastero populations 
(Fowler, 1999). It shows a susceptibility to pests and diseases intermediate to the parent populations 
(Bartley, 2005). The Trinitario cultivar is known to have strong basic chocolate characters and some 
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typical winery type of aroma that are not found in other varieties (Afoakwa et al., 2008). It is also 
considered as a ‘fine’ flavor cocoa and together with Criollo and Nacional contribute to about 5% of 
global production (ICCO, 2019b).   
 
Work by Clapperton et al. (1994) revealed consistent differences in overall cocoa flavor intensity, 
acidity, sourness, bitterness and astringency among the West African Amelonado variety (AML), four 
Upper Amazon clones [Iquitos Mixed Calabacillo 67 (IMC67), Nanay 33 (NA33), Parinari 7 (PA7), and 
Scavina 12 (SCA12)], and unidentified Trinitario (UIT1) grown in Sabah, Malaysia. Furthermore, 
Ziegleder (1990) also exposed that monoterpenes such as linalool - being mainly responsible for the 
‘fine’ flavor character of cocoa - were present in higher amounts in such cocoa varieties than in the 
‘bulk’ (Forastero) cocoa. Cocoa bean genotype influences the type and quantity of bean storage 
proteins, carbohydrates and polyphenols (Afoakwa et al., 2008). This determines the quantities and type 
of precursors formed during fermentation and drying process necessary for flavor formation (Counet et 
al., 2002; Taylor, 2002). 
 
1.4.2 Influence of post-harvest treatment on cocoa flavor quality 
1.4.2.1 Pod storage 
Pod storage (PS) is the act of storing harvested cocoa pods for a period of time before opening the pods 
and fermenting the beans (Kongor et al., 2016). The change in color of cocoa pods is one key 
determinant of ripening, however, certain processes do occur within the pods from harvesting and 
throughout their storage which must be considered ahead of the fermentation process (Aroyeun et al., 
2006). In their studies, Biehl et al. (1989) and Afoakwa et al. (2011b) exposed the significant role of PS 
in modifying the chemical composition of the bean and further speculated its potential impact on the 
flavor characteristics of cocoa. However, to the best of our knowledge, no further study was carried out 
to establish this claim. Among the major biochemical changes that can be linked to PS, the following 
have been reported. 
   
Water loss and sucrose inversion 
Biehl et al. (1989) emphasized that both moisture loss through transpiration and the inversion of sugar 
are paramount biochemical changes which are responsible for both 40-50% loss of water and the dry 
matter content per seed. Consequently, a decrease in the pulp volume per seed and an associated increase 
in pulp surface area to volume ratio were observed. They also observed that unlike polysaccharides 
which remained unchanged in the pulp, sucrose was completely inverted within ten days to PS, 
especially under dry conditions. Due to the persistence in both physiological and metabolic activities of 
the beans even after harvest, a decline in the absolute amounts of total sugars (comprising of fructose, 
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glucose and sucrose) was purported by Lehrian and Patterson (1983), whereas Pettipher (1986) observed 
a reduction in the ratio of disaccharides to monosaccharides with the increasing age of the pods. 
 
Changes in acidity 
Meyer et al. (1989) observed that PS led to the reduction in nib acidification and increased the flavor of 
Malaysian cocoa beans. The pH of the fresh cocoa pulp is about 3.0-3.5, owing to its high citric acid 
concentration (Geuhi et al., 2010). However, Sanagi et al. (1997) were of the opinion that the breakdown 
of the pulp sugars during PS fosters a reduction in the citric acid concentration, hence, a consequent 
increase in pH of the pulp. Studies have also revealed that the reduction in the absolute amount of pulp 
sugars in function of PS decreases sugar metabolism by yeasts during fermentation, thus, subsequently 
resulting in a decline in alcohol and acetic acid production (Said et al., 1987; Biehl et al., 1989; Sanagi 
et al., 1997). Afoakwa et al. (2011a, 2011b, 2012, 2013a) subsequently reported a general trend of 
reduced nib acidity and acceptable levels of free fatty acids (FFA) when pods were stored prior to 
fermentation. 
 
Changes in polyphenol content 
Nazararuddin et al. (2006) observed a substantial reduction in the polyphenolic content, particularly (-
)-epicatechin and xanthine alkaloids during PS, whilst Afoakwa et al. (2013b) realized a 70% decrease 
in anthocyanin content on the sixth day of fermentation for pods previously stored for 10 days. The 
decrease in pulp volume per seed as a result of PS, has been hypothesized to stimulate oxidation and 
polymerization of (-)-epicatechin and its oxidation products, thus, giving rise to the reduction in 
polyphenols and alkaloids (Nazararuddin et al., 2006). Further, an improved micro-aeration of the 
fermenting mass resulting from the aforementioned consequence of PS, has also been suggested to 
facilitate the activity of polyphenol oxidase (PPO). However, there is the need for more studies in order 
to establish this hypothesis and to further link it to the perception of astringency and bitterness on a 
sensorial level. 
 
1.4.2.2 Fermentation  
Fermentation of cocoa beans is very crucial as it promotes dramatic biochemical changes in the type and 
concentration of flavor precursors in cocoa beans (Afoakwa et al., 2013; Kadow et al., 2013; Krähmer 
et al., 2015). During fermentation, microbial successions occur as the micro-environment (temperature, 
pH, oxygen availability) changes (De Vuyst et al., 2010). The flavor quality of cocoa beans depends on 
complex chemical and biochemical changes which occur in the beans during fermentation and drying. 
Fermentation generates flavor precursors, namely; free amino acids and short to medium chain peptides 
from enzymatic degradation of cocoa proteins and reducing sugars from enzymatic degradation of 
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sucrose (Krähmer et al., 2015) from which the typical cocoa aroma is generated during the subsequent 
roasting process (Frauendorfer and Schieberle, 2008).  
 
Once the cocoa pods are split open, the beans are often transferred into boxes, trays, baskets or heaped 
on banana leaves, where the mucilaginous pulp surrounding the beans is inoculated with diverse 
microbes in their environment; mostly yeasts, lactic acid and acetic acid bacteria (Afoakwa, 2010). 
Together these microorganisms result in the acidification, heat production, cellular disruption and the 
death of the beans (Afoakwa, 2010). Lactic and acetic acids produced give rise to the basal acidity of 
raw cocoa (Kadow et al., 2015). Withal, enzymatic activities occurring during fermentation facilitate 
the quick degradation of storage carbohydrates and proteins in the cotyledons, thereby yielding the 
aforementioned flavor precursors. Fig. 1.18 provides an overview of the major biochemical changes and 
the exchange that occur between the pulp and the bean during the fermentation process.  
 
By fermenting cocoa, alcohols, esters, terpenes, carbonyl and sulphur compounds, among several others, 
have also been identified (Afoakwa, 2010; Belitz et al., 2004). For instance, the activities of Leuconostoc 
citrovorum and Bacillus substilis have been implicated in the synthesis of diacetyl and 
tetramethylpyrazine respectively in fermented cocoa (Ramli et al., 2006). More so, phenolic substances 
are oxidized and polymerized to insoluble high molecular-weight compounds leading to significant 
reduction in their concentration and subsequently reduction in astringency of the final product to 
acceptable levels (Afoakwa, 2014). Degradation of storage proteins into peptides and free amino acids 
is central to flavor formation. Afoakwa (2010) reported that the combined action of aspartic 
endopeptidase and serine carboxy-(exo) peptidase on vicilin (7S)-class globulin (VCG) storage 
polypeptide yields cocoa-specific precursors. Proteolysis in the bean mainly takes place within 24 h after 
destruction of the cells and acidification by acetic acid (Ziegleder, 2009). The aspartic endopeptidase 
hydrolyses peptide bonds in VCG at hydrophobic amino acid residues, forming hydrophobic 
oligopeptides which then become substrates for the serine carboxy-(exo) peptidase which removes 
carboxyl terminal hydrophobic amino acid residues (Biehl et al., 1996; Biehl and Voigt, 1999). 
Carboxypeptidase plays an important role in converting hydrophobic oligopeptides to cocoa specific 
aroma precursors, namely hydrophilic oligopeptides and hydrophobic free amino acids (especially 
leucine, valine, alanine, isoleucine, phenylalanine), which are required for the formation of the typical 
cocoa aroma volatiles such as pyrazines during the Maillard reaction with reducing sugars upon roasting 
(Nursten, 2005; Parker, 2015; Voigt et al., 1994). 
 
The duration and method of fermentation are crucial to the formation of flavor compounds and flavor 
precursors. Aculey et al. (2010) noted an increased level of organic acids such as propanoic acid, 2-
methylpropanoic acid, 3-methylbutanoic acid and acetic acid after 72 hours of cocoa fermentation. The 
increased levels of organic acids are a result of the breakdown of sugars from the pulp surrounding the 
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cocoa beans (Bonvehi, 2005). Propanoic acid, 2-methylpropanoic acid, 3-methylbutanoic acid and acetic 
acid are all reported to be important odor-active compounds in cocoa (Bonvehi, 2005; Frauendorfer and 
Schierberle 2006). Unfermented cocoa beans are reported to develop little cocoa and chocolate flavor 
when roasted while over-fermented beans produces unwanted hammy and putrid flavors (Afoakwa et 
al., 2008, Afoakwa, 2015). Bitter notes are evoked by theobromine and caffeine, together with 
diketopiperazines formed from roasting through thermal decompositions of proteins (Afoakwa, 2015). 
 
 
Fig. 1.18: Major biochemical changes occurring during fermentation of cocoa beans (after 
Lopez, 1986). 
 
 
1.4.2.3 Drying 
After fermentation, the beans are dried to reduce the moisture content from about 60% to between 6–
8% (Prabhakaran Nair, 2010) to prevent mold infestation during storage and also allow some of the 
chemical changes which occurred during fermentation to continue and improve flavor development (Kyi 
et al., 2005). The drying process of fermented cocoa beans initiates major polyphenol oxidizing 
reactions catalyzed by polyphenol oxidase, thereby reducing astringency whilst inducing extra brown 
color formation. The biochemical oxidation of acetic acid from the beans is also known to continue 
during drying (Afoakwa, 2010; Prabhakaran Nair, 2010). Hashim and Chaveron (1994) and Cros and 
Jeanjean (1995) have both suggested that during the drying of fermented cocoa beans, the available 
reducing sugars and free amino acids interact to initiate the Maillard reaction possibly leading to the 
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formation pyrazines. Oberparleiter and Ziegleder (1997) later confirmed this by identifying Amadori 
compounds, the first intermediates of Maillard reaction in dried, unroasted cocoa beans. The rate of the 
drying process is also of crucial importance for the flavor quality of the cocoa beans. It is known that if 
the drying rate is rapid, the beans tend to retain more acetic acid as opposed to the loss of moisture, and 
vice versa, which is deleterious to its flavor (Bharath and Bowen-O’Connor, 2008; Saltini et al. 2013). 
This is because, rapid drying of the beans also results in case hardening which prevents the outward 
migration of acetic acid from the beans, thus, leading to a concentration effect of the acids in the beans 
(Puziah et al., 1998). On the other hand, a slow drying rate would result in low acidity, poorer color and 
high presence of molds. 
 
1.4.3 Influence of industrial processing on cocoa and chocolate flavor 
1.4.3.1 Alkalization (‘Dutching’) process 
This process can either occur before or after the roasting process. It involves the treatment of the cocoa 
nibs, liquor or powder with an alkaline solution. According to Aprotosoaie et al. (2016), aside the 
intensification of the dark color and improved dispersability of the cocoa particles, both astringency and 
bitterness in cocoa can also be reduced through the alkalization process. The former is typically achieved 
through the complex polymerization of polyphenols (Afoakwa et al., 2008). Through alkaline treatment, 
Sharif (1997) demonstrated a significant reduction in both acidity and astringency of Malaysian cocoa 
whilst creating chocolates with improved flavor profiles in comparison to the reference (non-alkalized 
nib-roasted chocolate). 
 
1.4.3.2 Roasting process 
The roasting process combines a series of thermal reactions which are primarily responsible for 
transforming the different aroma precursors into different volatile organic compounds (VOC’s). During 
roasting of cocoa beans, possible key reactions including; the Maillard reaction, sulfur reactions and 
lipid oxidation have been observed and highly linked to specific VOC’s in cocoa/chocolates (Nursten, 
2005; Beckett, 2009; Parker, 2015). These have been comprehensively discussed in section 1.3.2. The 
roasted flavor of cocoa beans is a combination of about 600 compounds of which aldehydes and 
pyrazines are the most abundant (Misnawi et al., 2004; Ramli et al., 2006; Crafack et al., 2014). Other 
VOC’s such as esters, thiazoles, phenol, alcohols and furans, together with non-volatile aroma 
compounds like purines and melanoidins are all produced (Ramli et al., 2006) through these reactions. 
According to Saltini et al. (2013), the flavor quality of cocoa positively correlates with a high degree of 
roasting. However, the beans give-off a strong bitter and burnt, coffee-like taste when over-roasted at 
temperatures above 150 °C (Beckett, 2009). For this reason, cocoa is roasted at temperatures between 
120 °C and 150 °C for 5 to 120 min (Afoakwa, 2010). This roasting regime varies depending on the 
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type of roasting (whole bean, nib or liquor roasting), nature of the raw material (wherewith, Criollo 
beans require lower temperature than Forastero), as well as the desired flavor (as the types and 
concentrations of VOC’s produced is influenced by the temperature-time combinations) (Ramli et al., 
2006; Kothe et al., 2013). Apart from the volatiles produced, Ioanneone et al. (2015) also exposed on 
how the ability of polyphenols to bond with proteins is altered by the roasting process, thereby, leading 
to a decline in astringency of the beans. 
 
1.4.3.3 Conching process 
The conching process improves the flavor profile through redistribution of flavor components as well as 
reduces the concentration of short-chained volatiles such as acetic acid (Giacometti et al., 2015). Robert 
and Martin (1987) reported that the changes in chocolate flavor during the conching process is affected 
by the degree of agitation, conching temperature as well as aeration. Consequently, Beckett (2009) 
remarked that about 80% reduction in the headspace concentrations of phenols occurred only within the 
first few hours of conching. Additionally, Heinzler and Eichner (1991) also observed a decline in the 
Amadori compounds during the conching process. Furthermore, in the case of milk chocolates, the 
caramelization of lactose and its additional Maillard reaction with the milk proteins have also been 
implicated with the conching process (Pontillon, 1995). However, some researchers have reported 
conflicting information. According to Hoskin and Dimick (1983), the amino acid content does not 
change during conching of dark chocolate. They explained that the temperature applied and/or the 
residual concentration of precursors after the roasting process are too low for the Maillard reaction to 
occur during conching. Conversely, the amount of 2-phenyl-5-methyl-2-hexenal was claimed to increase 
through the aldol condensation of phenylacetaldehyde and 3-methylbutanal and further dehydration 
reaction during conching (Counet et al., 2002). Overall, several researchers however seem to agree that 
the conching process still remains central for the elimination of off or undesirable flavors in chocolates.  
 
1.5 Industrial chocolate manufacture – a brief overview  
Chocolate is a semi-solid dispersion of fine solid particles of sugar, milk solids (in the case of milk 
chocolate) and non-fat cocoa solids dispersed in a fat continuous phase (mostly cocoa butter) (Afoakwa, 
2010). Depending on the type of chocolate, the ingredients and their quantities used vary greatly 
(Beckett, 2009). The chocolate manufacturing process is highly sophisticated, beginning with the mixing 
of ingredients mostly sugar, cocoa liquor/mass, cocoa butter, as well as (skimmed) milk powder in the 
case of milk chocolate (Afoakwa, 2014). This is closely followed by a refining step where the size 
reduction of particles in the mix is done using 2, 3, or 5-roll refiners to form a dry and flaky chocolate 
mass. An emulsifier and the remaining cocoa butter are added in the conching step. Subsequently, the 
molten chocolate is tempered by a system of heating and cooling to produce the most stable form of 
cocoa butter crystals. From here, the chocolate is molded, passed over a vibrator to remove air bubbles, 
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and then solidified by cooling in cabinets (12 °C). After this, the chocolates are demolded and packaged 
for further storage. According to Afoakwa (2014), a well processed chocolate must exhibit properties 
such as contraction which gives a good snap, easy demolding, glossy appearance and thermal resistance. 
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Effect of post-harvest/processing parameters on cocoa/chocolate flavor 
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Chapter 2 
Assessing the influence of pod storage on sugar and free amino acid profiles and the 
implications on some Maillard reaction related flavor volatiles in Forastero cocoa beans 
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Abstract 
The practice of pod storage (PS) has been applied in many cocoa producing countries, especially by 
Ghanaian farmers over the years. However, the study of PS has not received much attention, hence, until 
now, its potential impact on specific flavor precursor development and implications on the flavor of 
cocoa beans still remains uncovered. The study was therefore aimed at exploring this possibility through 
physico-chemical and flavor precursor analyses, carried out on equally fermented and dried pod stored 
(0, 3 and 7 days) Ghanaian cocoa beans. Flavor analysis was also conducted on equally roasted pod 
stored cocoa beans. Through visual assessment of the pods, pulp and beans, the compelling impact of 
PS on fermentation index (FI) and nib acidity could be demonstrated by the various biochemical and 
physical changes such as respiration, moisture reduction, and cellular degradation, occurring during the 
process. Inspite of the complexity surrounding the degradation of sugar, a clear relationship between the 
FI, nib acidity and the glucose content was observed. Also, PS was found to increase with the total 
reducing sugars (glucose and fructose). Although the concentration of free amino acids was directly 
proportional to the duration of PS, within the framework of this study, a significant difference (p<0.05) 
was only observed in the case of extended duration (7 days). Overall, 7PS seemed to have enhanced the 
formation of more volatiles. This was followed by 0PS and finally 3PS. Suggestively, these findings 
could provide some indications in explaining the typical flavor profiles of the Ghanaian cocoa beans, 
considering the fact that 87.8% of Ghanaian farmers adhere to this practice. Meanwhile, for the 
chocolate industry, the surging demand for cocoa/chocolate products exhibiting unique flavors, could 
be partly addressed by adopting PS as a tool for varietizing the flavor potential of “bulk” cocoa through 
the expression or suppression of specific flavor precursors in the raw material on the farm level, which 
comes with no additional cost of production. 
 
2.1 Introduction  
The aroma potential of cocoa (Theobroma cacao L.) is highly essential for flavor development in 
chocolates and other derived products. Among others, key influential factors such as the origin, 
genotype, fermentation, drying, roasting and conching have been greatly investigated and linked to the 
flavor of the final product (Afoakwa et al., 2008; Beckett, 2009; Aculey et al., 2010; Afoakwa, 2010; 
Aprotosoaie et al., 2016; Kongor et al., 2016). Factors such as the origin and genotype may clearly 
differentiate cocoa based on the proportions of various inherent storage molecules (proteins, 
carbohydrates and phenolic substances), the further degradation of which, yield various flavor 
precursors. However, the actual flavor precursor generation has often been attributed to the complex 
biochemical reactions initiated following the harvesting of mature ripe pods, until the end of 
fermentation (Afoakwa, 2014). As a result, the fermentation of cocoa beans has remained a central focus 
for several studies (Amin et al., 1998; Camu et al., 2008; Beckett, 2009; Lima et al., 2011). As a result, 
the fermentation process yields among others; reducing sugars and amino acids, which are prerequisites 
41 
  
for flavor volatile formation, in the Maillard reaction, during subsequent roasting (section 1.3.2.1). In 
spite of the present knowledge in these post-harvest processes and their various contributions toward 
flavor improvement in cocoa beans, the need for further studies into other possibilities still remains 
crucial. Since a freshly harvested pod remains a living system, metabolic processes which are 
predominant, prior to harvesting, may still continue to persist afterwards (Wills et al., 1998; Aroyeun et 
al., 2006). For this reason, the possible occurrence of various biochemical changes within the pod - from 
the time of harvest until their opening ahead of fermentation - cannot be overlooked. Suggestively, the 
duration of storage, temperature, relative humidity, variety of cocoa, age of tree/pods, state of maturation 
or ripening, among others, may play key roles in determining the extent to which these biochemical 
changes occur within the pod (Meyer et al., 1989; Afoakwa, 2014; Sulaiman et al., 2017). This practice 
of keeping harvested pods for a specified duration of time under ambient condition preceding their 
opening is referred to as pod storage (PS). 
 
Although the said biochemical changes may prove to be beneficial, they must be curtailed to prevent the 
early onset of senescence (Wills et al., 1998; Aroyeun et al., 2006). Unfortunately, research into the 
implications of cocoa PS has not been equivocally established in spite of preliminary indications existing 
as far back as the 80’s (Said et al., 1987; Biehl et al., 1989; Meyer et al., 1989). The few existing studies, 
however, have attributed this phenomenon to various physical and biochemical changes including; water 
evaporation, the inversion of sucrose, changes in acidity as well as the modification of phenolic 
substances in cocoa beans (Biehl et al., 1989; Meyer et al., 1989; Afoakwa et al., 2011, 2013b, 2013c; 
Afoakwa, 2014). Notably, interpretations of these findings were not independent of the aforementioned 
factors influencing the mechanism of PS. 
 
Arguably, this idea of PS first emerged as intervention to curbing the problem of acidity identified in 
dried fermented Malaysian cocoa beans. However, Duncan (1984), highlighted that Ghanaian farmers 
adopted the technique of PS as a means of using family labor to gather enough pods into piles before 
organizing friends and neighbors to assist in opening them. To the best of our knowledge, the potential 
impact of PS on either the expression or suppression of flavor precursors is still shrouded in mystery, in 
spite of previous fundamental studies by Afoakwa and his colleagues (Afoakwa et al., 2011, 2013b, 
2013c). Through proximal analyses, they demonstrated that both fermentation and increasing PS 
resulted in a significant decrease in crude protein and total polyphenol content of the beans whilst 
carbohydrate content increased with both treatments. Additionally, increasing PS and fermentation 
significantly increased the copper content of the beans whereas reductions in magnesium and potassium 
occurred. In dealing with Ghanaian cocoa beans, they highlighted that storage of cocoa pods between 
3-7 days with 6 days of fermentation led to appreciable reductions in nib acidification, sugars (non-
reducing and total sugars) and proteins with consequent increases in reducing sugars and acceptable free 
fatty acid levels. This study therefore explored the possibilities of PS on a much deeper level through 
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chromatographic analyses with specific focus on sugar and free amino acid profiles of pod stored cocoa 
beans and the possible consequences on some Maillard reaction related volatiles in the beans.  
 
2.2 Materials and methods 
2.2.1 Field survey: typical practice of pod storage among Ghanaian cocoa farmers 
This first section was aimed at investigating the popularity of the practice of PS among cocoa farmers 
in Ghana. A four-stage sampling approach was used to select a representative number of cocoa farmers 
as comprehensively described in the report of Kongor et al. (2017). From this, a total of 731 farmers 
covering the six major cocoa growing regions in Ghana (Brong Ahafo = 158, Western = 110, Eastern = 
126, Ashanti = 115, Central = 112, and Volta region = 110) were interviewed. Among other pertinent 
questions relating to the demographic characteristics, farm characteristics and farm management 
practices (data not shown), farmers were also asked whether (or not) they practiced PS. Further, for 
those who did, the number of days of this practice was also inquired.  
 
2.2.2 Harvesting, pod storage and visual assessment  
Ripe cocoa pods were harvested during the September-October peak season from a cocoa farm in 
Jachere, Ghana (N7.088525, W2.110127833333333). This was representative of a cluster of farms 
demonstrating high potential for quality cocoa beans following an earlier survey in this region (Kongor 
et al., 2017). Cocoa trees were approximately 31 years old. The pods were stored in small heaps (ca 80-
100 pods) on the farm for three different storage times (0, 3, and 7 days), at ambient temperature (28-30 
°C) and relative humidity of 77-85%. At the end of each duration of PS, the state of the pods, husks, 
pulp and beans were examined visually and with digitally captured images (Sony cyber-shot, Minato, 
Tokyo, Japan) in order to ascertain the impact of PS on their physical appearance. Thus, pictures were 
taken before and after opening the pods, as well as, the extracted beans with surrounding pulp prior to 
their fermentation. Hereafter, samples of cocoa pods and beans which have received 0, 3 and 7 days of 
PS have been denoted 0PS, 3PS and 7PS.  
 
2.2.3 Fermentation, drying and sample preparation 
After the visual assessment and pod opening, beans were gathered in heaps (ca. 45 kg) according to their 
respective PS durations and covered with fresh banana leaves to begin the spontaneous heap 
fermentation process. This occurred for six days with two turnings at 48 h intervals as recommended for 
local farmers by the Cocoa Research Institute of Ghana (CRIG). After this, the fermented cocoa beans 
were sun-dried on raised platforms until the required moisture content of < 7% was achieved, as 
described by Afoakwa (2010). The dried beans were then stored in jute bags of 64 kg gross weight. They 
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were then air-freighted to the Faculty of Bioscience Engineering, Ghent University, Belgium. Hereto, 
the bags were stored in a cool well-ventilated room on odorless wooden racks. Random sampling of the 
beans was done by mixing beans from the top, middle and bottom sections of the jute bags. The sampled 
beans were manually deshelled of which half was ground into very fine powder and the other half milled 
into liquor for analyses. For the powder, a Moulinex grinder (AF11, China) was used, whereas the 
ECGC-12SLTA melanger (CocoaTown, USA) was used to make the liquors. 
 
2.2.4 Bean cut test and fermentation index (FI) 
The bean cut test was performed as described by Afoakwa (2010). A batch of 50 cocoa beans were cut 
lengthwise to expose the maximum cut-surface of the cotyledons using a cocoa guillotine (MAGRA). 
Both halves were examined under full daylight and categorized as slaty, deep purple, pale purple or 
brown. Defects assessed include flat, moldy and germinated beans. The procedure was repeated thrice 
following independent sampling and their means and standard deviations recorded. FI was determined 
spectrophotometrically by extracting cocoa color pigments from ground nibs (0.5 g) with 50 mL 
methanol: HCl solution in the ratio of 97:3 as described by Gourieva and Tserrevitinov (1979). The 
mixture was homogenized for one minute using ultra-turrax, refrigerated at 8 °C for 19 h and then 
vacuum filtered. The filtrate volume was adjusted to 50 ml with the methanol: HCl solution, after which 
the absorbance at 460 nm and 530 nm were measured using a UV-visible spectrophotometer (Cary Bio 
50). The FI was calculated as a ratio of the absorbance at 460 nm to that at 530 nm.  
 
2.2.5 Moisture content 
Moisture content was determined gravimetrically according to the AOAC (2005) method 931.04. 5 g of 
finely ground cocoa nibs was mixed with ashed sea sand in an aluminum weighing pan. The moisture 
content was calculated based on weight loss after drying the samples in a 105 °C air oven for 4 h. Before 
weighing the dried sample, it was cooled down in a desiccator for 60 min, to avoid the risk of moisture 
re-absorption from the environment. 
 
2.2.6 Nib acidity 
The method stated by Afoakwa et al. (2013a) was used with slight modification. Finely ground cocoa 
nibs (10 g) were homogenized in 90 ml hot boiling deionized water. The homogenate was filtered with 
a No. 2 Whatman filter paper and cooled to 20-25 °C. The pH of the emerging filtrate was measured 
using a pH meter (Schott Instruments, LAB 850). Thereafter, a 50 ml aliquot was titrated to an end point 
pH of 8.1 with 0.1N NaOH. The titratable acidity (TA) was expressed as milli equivalent of NaOH per 
gram of sample. 
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2.2.7 Sugar profile 
Mono- and disaccharides were determined by gas chromatography (GC) as described by De Wilde et 
al. (2005). An internal standard was prepared: 6 mg/ml phenyl-β-D-glucopyranoside (Sigma-Aldrich, 
USA) in distilled water. 10 g of sample was added to a 100 ml volumetric flask and mixed with 10 ml 
internal standard and 50 ml distilled water. The flask was incubated in a warm water bath (60 °C) for 30 
min. Subsequently, 5 ml Carrez I and 5 ml Carrez II were added, as a cleanup step. The volumetric flask 
was filled with distilled water and swirled. The solution was filtered over a filter paper (130 mm, 
Novolab, Belgium), then 0.5 ml of this solution was pipetted into a 2 ml vial and evaporated under 
nitrogen. The residue was derivatized in two steps, first an oximation with 500 µl of oximation reagent 
(30 min at 60 °C), second to trimethylsilylesters with 500 µl of hexamethyldisilizane and 50 µl of 
trifluoraceticacid (10 min at 20 °C). Thereafter, the solution was allowed to sediment for 2 h after which 
the supernatant was decanted into 2 ml vials. Sugar profile analysis was performed by means of GC FID 
(Varian 3380, Varian Instrument Group, Walnut Creek, CA) equipped with a column containing (5%-
phenyl)-methylpolysiloxane (0.25 µm film thickness) as stationary phase (30 m x 0.32 mm i.d., VF1-
ms, Agilent Technologies, Palo Alto, CA, USA). Helium was used as carrier gas (flow = 1 ml/min). 1 
µl of sample was injected using 1/40 split and the injector temperature was 250 °C. The temperature 
program of the column was as follows: 180 °C for 1 min, ramp at 15 °C per min to 290 °C. The 
conditions of the FID were as follows: temperature = 340 °C, operated with hydrogen and air at 30 and 
300 ml/min, respectively, as well as helium at 20 ml/min as makeup gas. Since various sugars respond 
differently to ionization, a standard curve was established for each cocoa sugar relative to the internal 
standard. Additionally, a vial of standard sugar containing a mixture of known sugars (fructose, glucose, 
sucrose, lactose and maltose) with known concentrations was prepared and analyzed under the same 
procedure. From these, identification of the different cocoa sugars in the samples was done by 
comparing their retention times (Rt) to those of the known sugars. Finally, concentrations of the different 
sugars could be recalculated from the individual response factors (RF) determined in reference to the 
respective sugars identified from the standard sugar.  
 
2.2.8 Free amino acid profile  
2.2.8.1 Defatting of cocoa nibs 
Cocoa nibs were ground into liquor using the ECGC-12SLTA melanger (CocoaTown, USA) during a 
period of 40 min at room temperature. To every 1 g of the cocoa liquor, 25 ml petroleum ether was 
added. It was then homogenized with an ultra-turrax and subsequently centrifuged (9000 g for 10 min). 
Afterwards, the layer of petroleum ether was decanted and the process repeated twice. The defatted 
residue (cocoa powder) was then air-dried and stored at 4 oC.  
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2.2.8.2 Analysis 
Samples of defatted cocoa were treated with an aqueous solution of 15% trichloroacetic acid, further 
centrifuged, cooled to 4.0 °C during 15 min and then centrifuged at 11750 g for 10 min in a Spectrafuge 
16 M centrifuge (Labnet International, NJ, USA). Additionally, the samples were filtered on a Millex 
LCR 0.45 µm low protein binding filter (Merck Millipore LTD, Cork, Ireland), and analyzed by HPLC 
with fluorescence detection following the methods described by Schuster (1988) and Henderson et al. 
(2000) and Mestdagh et al. (2011). Further, the free amino acids were separated with a reversed phase 
HPLC apparatus after they had been online converted to ortho-phthalaldehyde (OPA) derivatives in an 
Agilent 1100 autosampler (Agilent Technologies, Diegem, Belgium). Agilent ZORBAX Eclipse Plus 
C18 column was used for separation with precolumn. Standard solutions for calibration contained 10, 
20, 40, 80, 200, 400 and 800 pmol/µl of each amino acid plus a blank containing only 50 μl internal 
standard solution, norvaline and sarcosine, with a concentration of 10 nmol/µl.  
 
2.2.9 Aroma profiling of roasted pod stored cocoa beans 
Prior to analysis, each batch of pod stored beans (1 kg) was roasted in the same manner at 135 oC for 35 
min in a conventional oven (Termaks, Lien 79, N-5057 Bergen, Norway). Afterwards, each batch was 
allowed to cool down at room temperature. They were then manually deshelled and ground into liquor 
using the ECGC-12SLTA melanger (CocoaTown, USA) as stated above. The aroma analysis was 
carried out using headspace solid-phase microextraction-gas chromatography-mass spectrometry (HS-
SPME-GC-MS) according to the method described by Tran et al. (2015) with slight modifications. The 
isolation of the volatiles released was performed in a multi-purpose sampler (Gerstel, Mülheim an der 
Rur, Germany) equipped with an HS-SPME unit as follows: 2 g of the cocoa liquor was mixed with 2 
µl internal standard 1-octen-3-ol at a concentration of 0.396 mg/ml MeOH in hermetically sealed 20 ml 
vials and incubated for 10 min at 60 oC in a thermostatic agitator. Next, a well-conditioned 50/30 µm 
CAR/DVB/PDMS SPME fibre (Supelco, Sigma-Aldrich N.V., Bornem, Belgium) was exposed to the 
headspace for 25 min at 60 oC.  
 
The volatiles were then analyzed by GC-MS, using splitless injection, helium as a carrier gas (1 ml/min), 
and a Zebron 7 HG-G007-11 ZB-WAX column of 30 m length, 0.25 mm internal diameter and 0.25 µm 
film thickness (Zebron, Phenomenex, Macclesfield, UK). The following time-temperature program was 
applied: 35 oC (5 min), from 35 oC to 182 oC (4 oC/min) and from 182-240 oC (7 oC/min). Injector and 
transfer lines were maintained at 250 oC and 280 oC, respectively. The total ion current (70 eV) was 
recorded over the mass range from m/z 40 to 230 (scan mode) using no solvent delay and a threshold of 
50. Identification of volatile organic compounds (VOC’s) in the headspace was performed by comparing 
the MS-spectrum of each peak to those from the Wiley 275 library. However, another verification was 
carried out by determination of Kovats indices (KI’s) after injection of a series of n-alkane homologues 
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(C5-C13). From these, the experimental Kovats indices; KI (exp), of the confirmed aroma compounds 
were calculated based on their respective retention times and compared with Kovats indices from 
literature; KI (lit). 
 
The semi-quantitative concentrations of the identified volatile compounds were expressed as nanograms 
of the internal standard equivalents per gram of cocoa liquor and calculated as the area of the compound 
of interest divided by the response factor of the internal standard (LOD = 0.4 ng/g; LOQ = 1.2 ng/g). 
For each liquor, isolation, separation, identification and quantification of the VOC’s were performed on 
three independent samples. Finally, in order to evaluate a volatile’s contribution to the overall flavor 
profile of the cocoa liquor, odor activity values (OAV’s) were calculated using odor threshold values 
(OTV’s) documented in literature. Here, the OTV in oil media were used since cocoa liquor is a fat 
continuous dispersion (ca 55% fat). These values were sourced from Van Gemert (2011). From these, 
OAV’s were calculated by dividing the detected headspace concentration by their respective OTV’s. 
Hitherto, a VOC with OAV ≥ 1 may be considered as an odor-active volatile and vice versa. It is worth 
mentioning that depending on its OTV, a volatile with a relatively higher headspace concentration may 
not necessarily contribute to the overall flavor profile of a particular liquor. Moreover, not all OTV 
references were found. Hence, not all potentially odor-active VOC’s could be elucidated. Thus, even 
though the calculated OAV’s may provide some insight, they must be interpreted with caution. 
 
2.2.10 Statistical analysis 
Statistical analysis was performed with Minitab 18 (Minitab Inc, USA). A one-way ANOVA (α = 0.05) 
was used to test for significant effects of PS on the various parameters under study. Assumptions of 
normality and equality of variance were tested prior to the analysis using Kolmogorov-Smirnov test and 
Modified Levene’s test, respectively. Where assumptions were fulfilled, a post-hoc Tukey’s test was 
used to investigate significant differences between the different levels of the predictors. However, when 
assumption was not fulfilled, non-parametric alternatives namely Welch was used along with Games 
Howell post-hoc test. Thereafter, principal component analysis (PCA) was used to study the 
relationships between the samples in terms of their flavor profiles using XLSTAT 2014.5.03 (Addinsoft, 
USA). All analyses were carried out in triplicate (as technical replicates) unless otherwise stated in a 
specific procedure. Results have been reported in each table as means and standard deviations of the 
recorded values. In the case of highly reproducible data, the calculated standard deviation may be much 
lower than the acceptable number of decimal places for a given parameter - in which case it is rounded 
off to zero.   
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2.3 Results and discussion 
2.3.1 Field survey  
Results from the survey are summarized in Table 2.1. As can be seen, on a national level, 87.8% of 
farmers stored their pods prior to fermentation. Only 12.2% of farmers however split their pods and 
fermented their beans on the same day of harvest. Of those who stored their pods, 48.1% stored them 
for up to three days whereas 49.5% did for 4 to 7 days. Differences were seen among regions. For 
instance, in the Eastern, Central and Volta regions, harvested cocoa pods were mostly stored between 
1-3 days, whereas, in Brong-Ahafo, Western and Ashanti regions, pods could be stored up to seven days. 
On a whole, only 2.3% of farmers stored their pods for an extended duration beyond 7 days. The findings 
from this survey clearly revealed the popularity and practice of PS among farmers from all growing 
regions across the country. For many years, Ghana has maintained her reputation in the cocoa sector, 
both in terms of production capacity and quality. Notably, her cocoa has served as the benchmark for 
quality Forastero worldwide (Afoakwa, 2016). For these reasons, an exposition of how the practice of 
PS may affect the flavor profiles of these cocoa beans will not only be relevant in explaining the typical 
flavor profiles of the Ghanaian cocoa, but will also set the pace for further studies in tailoring the flavor 
of cocoa and chocolates on the basis of PS. 
 
Table 2.1: Survey report showing typical practice of PS among Ghanaian farmers in the six 
major cocoa growing regions in Ghana 
Pod storage 
Brong-Ahafo 
[n = 158] 
Western 
[n = 110] 
Eastern 
[n = 126] 
Ashanti 
[n = 115] 
Central 
[n = 112] 
Volta 
[n = 110] 
Total 
[n = 731] 
Yes 84.2 100.0 81.0 93.9 92.9 77.3 87.8 
No 15.8 0.0 19.1 6.1 7.1 22.7 12.2 
No. of days of PS        
1 – 3  27.8 36.4 53.9 46.3 63.5 71.8 48.1 
4 – 7  66.9 59.1 46.1 51.9 36.5 27.1 49.5 
> 7 5.3 4.6 0.0 1.9 0.0 1.2 2.3 
Results have been indicated as percentage of farmers 
 
2.3.2 Visual assessment 
2.3.2.1 Examination of pod and husk 
First and foremost, an external examination of the stored pods (Fig. 2.1a) revealed the natural state of 
deterioration (senescence) of cellular components of the pod husks. From these, we observed an 
increasing trend of deterioration with PS duration. It can be suggested that the natural tendency for a 
biological decomposition of cells along with microbial spoilage of the pod material could be responsible 
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for the observed change in color from bright yellow in 0PS to dark and spotted in 3PS, and in many 
cases, even black colored pods, as was dominant among the samples of 7PS. As described earlier, 
typically in Ghana, the practice of PS involves gathering of the freshly harvest pods and piling them up 
in heaps for a specified period of time. During this period, the external parts of the pods may as well be 
subjected to various microbial and insect attack from the environment, thereby promoting the observed 
deterioration, loss of freshness and consequent (dis) coloration of the pods.  
 
2.3.2.2 Examination of pulp and beans 
A visual examination of the pulp affirmed decreasing pulp volume with increasing PS (Fig. 2.1b). 
Suggestively, the loss of moisture to the surrounding along with respiration of the inherent sugars in the 
pulp could have accounted for this trend. Of the known constituents of the cocoa pulp, water and sugars 
have been identified as the most abundant components, ranging between 82-87% and 10-15%, 
respectively (Afoakwa, 2016). Thus, given the specific PS conditions, it is possible to lose copious 
amount of water from the moisture-rich pulp to the surrounding. Likewise, the sugar, present in the pulp 
could serve as an ideal substrate for energy production (through respiration) for the living cells. Wills et 
al. (1998) and Aroyeun et al. (2006) noted that even after harvesting, the cocoa pod still remains a living 
system for a period of time, during which, respiration persists in order to maintain energy production 
for the constituent cells. 
 
Results of Biehl et al. (1989) also attested to some biochemical changes in both pod husk and pulp 
during PS. However, they observed that the extent of these biochemical changes were significantly 
higher in the pulp than in the pod husk. From Fig. 1b, a careful examination of both pod husks and pulp 
provided some indication in support of this earlier observation by Biehl et al. (1989). It is not a wonder, 
therefore, that the remaining pulp surrounding the beans of 3PS looked somewhat dry and greatly 
minimized as compared to that of 0PS. Comparatively, Biehl et al. (1989) noted a drastic reduction (ca 
40-50%) in moisture content and dry matter per seed. To this, they also ascribed the impact of moisture 
loss through transpiration and respiration of the inherent sugars (mainly inversion of sucrose) in the 
pulp. In addition to various environmental factors, the initial quantity/volume of pulp surrounding the 
beans (often depending on the harvesting season), state of ripeness of the pods (determining the amount 
of fermentable sugars), as well as the cultivar of the cocoa (determining the concentration and 
composition of bean and pulp constituents), may suggestively act as factors influencing the dynamics 
of PS during the process. Importantly, the age of the pods, which also determines the specific quantities 
of fermentable sugars (Pakiyasothy et al., 1981; Pettipher, 1986) available as substrate for metabolism 
in the pulp, and possibly, the concentration and characteristics of pectin and other complex cell wall 
polysaccharides may ultimately determine the cellular stability and consistency of the pulp during this 
process. In this study, a slight modification in pulp volume (due to moisture evaporation and respiration 
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of sugars) was observed between 0PS and 3PS. However, the difference between 3PS and 7PS is clear. 
Hitherto, an additional degradation of both pod husk and pulp were observed. Specifically, the less 
attached beans in 7PS predominantly appeared darker. They were additionally seen to have been soaked 
in some amount of ‘sweating’ inside the pod (due to the partially liquefied pulp) and also possessed a 
strong alcoholic smell (Fig. 2.1b,c). This is suggestive of a kind of a ‘fermentation-like’ process.     
 
 0PS 3PS 7PS 
(a) 
   
(b) 
   
(c) 
   
Fig. 2.1: Physical appearance of (a) stored cocoa pods, (b) opened pods exposing pulp and beans, 
and (c) extracted beans engulfed with pulp prior to fermentation. 
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2.3.3 Physico-chemical assessment 
2.3.3.1 Bean cut test and fermentation index (FI) 
The cut test results of the pod stored beans (Table 2.2) showed no significant difference (p>0.05) in 
terms of slaty, deep purple, brown, germinated and flat beans. Meanwhile, the amount of pale purple 
beans for 0PS was significantly lower (p<0.05) than 3PS and 7PS. Takrama et al. (2006) emphasized 
that pale purple beans are not defective beans and their presence in a batch does not present any serious 
problem as these are almost turning into brown color. Thus, they tend to change color to brown upon 
further storage. Despite 3PS producing the highest pale purple beans (22.67% ± 4.62), the value does 
not exceed the range 30-40% acceptable on the international market (Takrama, et al., 2006). This also 
indicates that the beans had undergone adequate fermentation and will not induce excessive bitterness 
and astringent flavor notes. A similar observation was made about the proportion of brown beans for 
each sample where they were distinctly higher than the acceptable level (60%). Despite observing a 
moldy bean proportion of 0.67% ± 1.15 in 0PS, a significant increase (p<0.05) was recorded as PS 
duration increased from 3 to 7 days. This concurs with findings of Meyer et al. (1989) who asserted that 
the amount of moldy beans significantly increases with PS with a consequential increase in production 
waste. Although 7PS recorded the highest proportion of moldy beans, it did not exceed the acceptable 
limit of 4% according to Wood and Lass (1985). 
 
Unlike the cut test which is based on human visual assessment, the FI rather presents a more objective 
tool for the estimation of the quality and extent of fermentation. Here, since both unstored and stored 
samples were subjected to the same fermentation conditions, the impact of PS may clearly be elucidated. 
Gourieva and Tserevitinov (1979) highlighted that well-fermented beans should have FI ≥ 1 after the 
required fermentation time. Just like the cut test, the FI range of 1.04-1.22 again confirmed that all three 
samples were fully fermented. Even though the cut test results showed no significant impact of PS on 
the proportion of brown beans, it was interesting to observe a relationship between the results of the cut 
test and FI values, remarkably for 0PS which recorded the highest FI and percentage of brown beans. 
Nonetheless, 3PS had FI significantly lower (p<0.05) than both 0PS and 7PS. According to Meyer et 
al. (1989), in the case of sufficiently dry stored pods (with a pulp volume per gram of seed ≤ 0.6 ml), 
the anaerobic phase of fermentation may be suppressed compared to those of unstored pods. Under such 
conditions, the extent of fermentation is limited, thus, leading to a relatively high pH or low acidity. 
This reason could have been responsible for the significantly lower (p<0.05) FI, accompanied with the 
least nib acidity, as recorded in 3PS (Table 2.2 and 2.3). Howbeit, the significant increase (p<0.05) in 
FI from 3PS to 7PS could be as a consequence of the additional impact of the degradation of both pod 
and pulp material, suggestive of an onset of a ‘fermentation-like’ process, as observed in Fig. 2.1. 
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Table 2.2: Results of cut test and fermentation index for 0, 3 and 7 days pod stored beans [n = 3]  
 0PS 3PS 7PS 
Bean cut test (%) 
Slaty 0.00 ± 0.00a 0.67 ± 1.15a 0.00 ± 0.00a 
Deep purple 3.33 ± 3.06a 1.33 ± 1.15a 2.00 ± 2.00a 
Pale purple 12.00 ± 0.00b 22.67 ± 4.62a 20.00 ± 2.00a 
Brown 84.00 ± 4.00a 75.33 ± 5.03a 75.33 ± 2.31a 
Germinated 0.00 ± 0.00a 0.00 ± 0.00a 0.00 ± 0.00a 
Moldy 0.67 ± 1.15ab 0.00 ± 0.00b 2.67 ± 1.15a 
Flat 0.00 ± 0.00a 0.00 ± 0.00a 0.00 ± 0.00a 
Fermentation Index (FI) 1.22 ± 0.04a 1.04 ± 0.02b 1.16 ± 0.03a 
For each row different alphabets represent significant differences (α = 0.05) among samples 
 
In the study of Kongor et al. (2013), a marginal increase in FI with increasing PS was observed. 
However, they attributed this to the reduction in pulp volume per seed and an improved micro-aeration 
of the fermenting mass, which may have augmented the activities of polyphenol oxidase (PPO) leading 
to the production of brown pigments in the beans, thereby, a consequential increase in FI. However, 
they did not show the physical state of the pods or pulp prior to the fermentation process. Meanwhile, it 
is clear from Fig. 2.1 that the physical state and condition of the pod or pulp may have some implications 
on the dynamics of the fermentation process and subsequently the FI. It is clear from this study that the 
extent of fermentation (as indicated by the FI) may have been hindered from 0PS to 3PS due to the 
impact of pulp volume reduction in the latter. Withal, the onset of a ‘fermentation-like’ process in 7PS 
also appears to have played an additional role in determining the brownness of the beans, thereby 
explaining the rise in FI. However, as can be suggested from the results of the cut test, the observed 
significant differences in FI among the samples could rather be deemed minimal from a practical point 
of view.  
 
2.3.3.2 Nib acidity 
The trend in FI was somewhat inversely mirrored by the trend in nib acidity (Table 2.3). However, 
acidity was significantly high (p<0.05) in 7PS, followed by 0PS and finally 3PS. Notably, the extensive 
degradation of pulp occurring in 7PS may have yielded more ethanol for more acetic acid production, 
accompanied with other organic acids and pulp constituents, which may have diffused into the nibs 
during the extended PS and fermentation. This can be seen from the significantly high (p<0.05) amount 
of titratable acids in 7PS (Table 2.3) compared to 0PS which also yielded considerable amount of acids. 
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However, the significantly low (p<0.05) nib acidity in 3PS can be explained by its low pulp volume. 
Meyer et al. (1989), proposed that the reduced pulp volume may enhance mass aeration during 
fermentation, which in turn, elevates the ratio of respiration to ethanol fermentation as well as its 
consequent oxidation to acetic acid. The shift in this ratio, may have therefore served as the inhibiting 
factor to the acidification of 3PS during subsequent flavor precursor formation following bean death. 
 
Table 2.3: Nib acidity of 0, 3 and 7 days pod stored beans [n = 3] 
 0PS 3PS 7PS 
pH (20 ⁰C) 5.52 ± 0.02b 5.61 ± 0.01a 5.45 ± 0.01c 
TA (meq NaOH/g) 4.42 ± 0.01b 4.03 ± 0.01c 4.94 ± 0.03a 
For each row different alphabets represent significant differences (α = 0.05) among samples 
 
As already remarked in Section 2.3.2.2, the advanced state of cellular degradation in both pod and pulp 
material in 7PS, was also accompanied with a partial degradation/liquefaction of pectin in the pulp, thus, 
leading to the formation of some amount of ‘sweating’ inside the pods, within which, the beans appeared 
to be soaked. Interestingly, analysis of the initial moisture content of all equally dried beans also revealed 
a significantly higher (p<0.05) moisture content in 7PS (5.53% ± 0.04) compared to 3PS (5.19% ± 0.03) 
and 0PS (5.19% ± 0.06). Thus, considering the initial moisture content, together with the remarkably 
high amount of titratable acids in 7PS (Table 2.3), one can speculate the possible transfer of moisture, 
sugars and organic acids along with other dissolved pulp components into the beans of 7PS during this 
extended duration of PS. Evidently, some studies have already hinted on this phenomenon of exchange 
between the pulp and the bean through the radicle of the bean as well as the semi-permeable testa (seed 
coat enclosing the bean) under similar circumstances of extensive cellular disintegration in the 
fermentation process. Through these channels, it has been demonstrated; the transfer of water, ethanol, 
acetic acid, lactic acid and some volatile organic compounds (such as monoterpenes) originating from 
the pulp into the bean (Reineccius et al., 1972; Wood and Lass, 1985; Biehl and Voigt, 1999; Kadow et 
al., 2013). We suggest this to be the reason accounting for the observed significantly higher (p<0.05) 
amount of titratable acids in 7PS than the reference (0PS). 
 
2.3.4 Precursor assessment 
2.3.4.1 Sugar profile 
In this Section, the quantities of different sugars as affected by PS in fermented and dried cocoa beans 
have been elucidated. The concentrations of glucose, fructose and sucrose have been provided in Table 
2.4. Here, the concentration of glucose increased marginally from 0PS (0.264% ± 0.001) to 3PS (0.300% 
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± 0.003) and finally decreased in 7PS (0.211% ± 0.001). Particularly, this trend was seen to be 
complementary to the degree of fermentation (Table 2.2) and inversely related to the acidity of the nibs 
(Table 2.3). It is known, that the acidification of nibs, during the process of fermentation is crucial for 
both bean death and the initiation of various enzyme-substrate interactions. From this, various reducing 
sugars emerge (Beckett, 2009). The level of nib acidification therefore played a role in determining the 
concentrations of glucose released in the different samples. The abundance of fructose over glucose in 
the samples was not surprising as this was also observed by Reineccius et al. (1972). They attributed 
this to the preferential metabolism of glucose moieties as sucrose was hydrolyzed during the 
fermentation process. However, the significantly higher (p<0.05) concentration of fructose in 7PS 
(0.769% ± 0.002) as compared to 0PS (0.672% ± 0.004) and 3PS (0.671% ± 0.004) could be ascribed 
to the impact of the ‘fermentation-like’ process initiated in 7PS prior to the actual fermentation (Fig. 
2.1). More so, the apparent relationship between nib acidity and the measure to which fructose 
dominated the reducing sugar fraction in the samples was also compelling. Here, the respective fructose-
glucose ratio for 0PS, 3PS and 7PS were approximately 3:1, 2:1 and 4:1, thus, further confirming the 
role of PS in influencing the dynamics of sugar degradation. As suggested by Reineccius et al. (1972) 
and Beckett (2009), these ratios can be suspected to play a key role in channeling the outcome of the 
Maillard reaction after subsequent roasting of these beans. 
 
Table 2.4: Sugar profile of 0, 3 and 7 days pod stored cocoa beans [n = 3] 
 
0PS 3PS 7PS 
Glucose (%) 0.264 ± 0.001b 0.300 ± 0.003a 0.211 ± 0.001c 
Fructose (%) 0.672 ± 0.004b 0.671 ± 0.004b 0.769 ± 0.002a 
Sucrose (%) 0.021 ± 0.001c 0.135 ± 0.001a 0.086 ± 0.001b 
Total reducing (%)* 0.935 ± 0.005b 0.971 ± 0.007a 0.980 ± 0.003a 
For each row different alphabets represent significant differences (α = 0.05) among samples 
(*) – Total reducing sugar is sum of glucose and fructose 
 
Compared to 0PS (0.021% ± 0.001), 3PS (0.135% ± 0.001) had the highest amount of sucrose, followed 
by 7PS (0.086% ± 0.001). Generally, the low levels of sucrose in these samples underscored their 
hydrolysis by native invertase amidst fermentation (Puziah et al., 1998; Afoakwa et al., 2013b). 
Hitherto, the significantly higher (p<0.05) sucrose content of 3PS corresponds with its significantly 
lower (p<0.05) FI (Table 2.2) and nib acidity (Table 2.3). In accordance with their findings, Biehl et al. 
(1989) reported that several yeasts isolated from fermenting cocoa mass typically had an increased 
invertase activity in more acidic media. This affirms the observed relationship between sucrose 
inversion, on one hand, and the degree of fermentation along with nib acidification on the other. 
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However, the fact that 7PS was significantly higher (p<0.05) than 0PS still remains unclear. Meanwhile, 
as previously suspected, it can be suggested that the overall sucrose content, among other sugars, may 
have been partly derived from the pulp and not only from the cotyledons. Based on their findings, 
Reineccius et al. (1972) emphasized that absorbed and occluded water-soluble constituents from the 
pulp could indeed contribute to the overall amount of sugars within the beans. Thus, in this scenario, 
sucrose concertation in 7PS would ultimately be expected to exceed that of 0PS, due to the extensive 
cellular degradation and the possible transfer of pulp material into the bean. Nonetheless, the extent to 
which this phenomenon may affect the original quantities of residual sucrose endemic in the different 
beans still requires further investigation. 
 
Other unknown sugars (suspected to be sugar alcohols) were also identified in the samples (results not 
shown). These can be as a result of various primary or secondary reactions triggered under the 
fermentation conditions. In their report Aprotosoaie et al. (2016) largely attributed these biochemical 
reactions to various microbial activity. The suspected sugar alcohols were likely products from various 
side reactions following sugar degradation during the fermentation process. However, the different 
quantities of substrates present and conditions of fermentation as influenced by PS could be responsible 
for the observed differences. Similarly, studies conducted by Reineccius et al. (1972) have also revealed 
additional sugars such as pentitol, mannitol, inositol and sorbose in cocoa beans. Additionally, compared 
to the standard sugar, two peaks (Rt = 17.684 min and 18.049 min) corresponded with those of lactose 
(Rt = 17.977 min and 18.186 min). However, to the best of our knowledge, lactose is not a native sugar 
in cocoa beans. Its occurrence in the beans is therefore very unclear and requires further investigation 
into other secondary reactions possibly occuring during PS or fermentation. 
 
Altogether, these finding clearly exemplify the enormous complexity encompassing the phenomenon of 
sugar degradation during PS and subsequent fermentation of cocoa beans. Nonetheless, it is evident 
from Table 2.4, that the duration of PS may have contributed to a marginal increase (0PS = 0.935% ± 
0.005; 3PS = 0.971% ± 0.007; 7PS = 0.980% ± 0.003) in the total amount of reducing sugars in the 
beans, even without the consideration of lactose. Interestingly, this agrees with findings reported by 
Afoakwa (2014). It must however be noted, that, the assertion of continuous sucrose inversion in the 
pulp during PS (Biehl et al.,1989; Meyer et al., 1989) should not be confused for the mechanism 
occurring within the bean since each occur under different enzymatic conditions. 
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2.3.4.2 Free amino acid profile 
The free amino acid profiles of 0PS, 3PS and 7PS were also investigated. From Table 2.5, the total free 
amino acid content of the different cocoa beans occurred between 11.35-19.70 mg/g fat-free sample. 
From the various fractions, a gradual increase in free amino acid content in function of PS duration is 
seen. Even though 0PS and 3PS showed no clear significant difference, the extent of proteolysis after 7 
days was undisputable.  
 
In their view, Voigt et al. (1994a,b) maintained that nib acidification during fermentation remains crucial 
for the flavor quality of cocoa beans. As such, the distinct pH optima of proteases (aspartic 
endopeptidase = 3.8, serine exopeptidase = 5.8) plays an important role in their performance. From 
Table 2.3, the pH range of 5.45-5.61 - being close to the pH optimum of the enzyme serine exopeptidase 
- could be dully associated with the high production of hydrophobic amino acids in the different cocoa 
beans. However, the proximity of these pH values to each other could have been the reason why a direct 
link was not found between the quantity of free amino acids and the trend in nib acidity. It could be 
suggested that, the duration of PS and the advanced state of cellular deterioration (Fig. 2.1) and 
proteolysis, instead of the pH, possibly played a more important role in determining the significantly 
high (p<0.05) amount of free amino acids in the 7PS sample. This finding was also in agreement with 
that of Afoakwa et al. (2011), who attributed the decreases in crude protein content with PS to its 
breakdown into free amino acids and other peptides.  
 
Various studies conducted on cocoa beans have also identified similar amino acids profiles (Kirchhoff 
et al., 1989; Rohsius et al., 2006; Adeyeye et al., 2010; Marseglia et al., 2014; Tran et al., 2015). 
However, our study revealed two amino acids; citrulline and ornithine, which have not yet been reported 
in cocoa beans (at least to the best of our knowledge). Whereas, the former showed no significant change 
(p<0.05) with PS, the latter increased significantly (p<0.05) with the duration of PS. In the review of 
Kerler, et al. (1997), these amino acids have been claimed to act as precursors for the formation of 2-
acetyl-1-pyrroline, through the Maillard reaction in food products such as popcorn, roasted sesame, 
wheat and rye bread. 
 
 
 
 
 
 
 
 
56 
  
Table 2.5: Free amino acid profiles of 0, 3 and 7 days pod stored cocoa beans [n = 3] 
 
AA mg/g fat-free sample 
 
0PS 3PS 7PS 
Aspartate 0.27 ± 0.04b 0.30 ± 0.05ab 0.42 ± 0.01a 
Glutamate 1.14 ± 0.12a 1.33 ± 0.23a 1.58 ± 0.03a 
Asparagine 0.38 ± 0.01c 0.59 ± 0.10b 0.83 ± 0.01a 
Glutamine 0.12 ± 0.01b 0.23 ± 0.04a 0.24 ± 0.00a 
Acidic (Total) 1.91 ± 0.16b 2.46 ± 0.42ab 3.07 ± 0.05a 
Histidine 0.09 ± 0.01a 0.16 ± 0.03b 0.25 ± 0.00c 
Arginine 0.76 ± 0.14b 0.84 ± 0.13b 1.36 ± 0.02a 
Lysine 0.60 ± 0.06b 0.77 ± 0.13b 1.15 ± 0.01a 
Basic (Total) 1.46 ± 0.19b 1.77 ± 0.29b 2.76 ± 0.03a 
Alanine 0.84 ± 0.14b 1.00 ± 0.17ab 1.32 ± 0.02a 
Tyrosine 0.64 ± 0.07b 0.77 ± 0.12b 1.13 ± 0.02a 
Valine 0.60 ± 0.08b 0.75 ± 0.13ab 0.95 ± 0.02a 
Phenylalanine 0.06 ± 0.01c 0.09 ± 0.01b 0.14 ± 0.00a 
Isoleucine 0.88 ± 0.11b 1.04 ± 0.16b 1.53 ± 0.02a 
Leucine 1.37 ± 0.07b 1.75 ± 0.30b 2.59 ± 0.04a 
Hydrophobic (Total) 4.39 ± 0.48b 5.40 ± 0.89b 7.66 ± 0.11a 
Serine 0.40 ± 0.09b 0.46 ± 0.08ab 0.65 ± 0.01a 
Glycine 0.15 ± 0.02b 0.18 ± 0.03b 0.31 ± 0.00a 
Threonine 0.30 ± 0.04b 0.36 ± 0.06b 0.52 ± 0.01a 
Citrulline 0.19 ± 0.03a 0.16 ± 0.03a 0.23 ± 0.00a 
Methionine 0.07 ± 0.00c 0.11 ± 0.02b 0.20 ± 0.00a 
Tryptophane 0.46 ± 0.04b 0.60 ± 0.10ab 0.79 ± 0.01a 
Ornithine 1.64 ± 0.19b 2.14 ± 0.35ab 2.86 ± 0.04a 
Proline 0.38 ± 0.03b 0.60 ± 0.11a 0.65 ± 0.01a 
Other (Total) 3.59 ± 0.44b 4.61 ± 0.78ab 6.21 ± 0.09a 
Grand Total 11.35 ± 1.26b 14.23 ± 2.38b 19.70 ± 0.28a 
For each row different alphabets represent significant differences (α = 0.05) among samples 
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2.3.5 Aroma profiling of roasted pod stored cocoa beans 
The Maillard reaction is the most important chemical reaction responsible for the transformation of 
various flavor precursors (free amino acids, oligopeptides, and reducing sugars) into key volatile organic 
compounds that characterize the flavor of cocoa. According to Aprotosoaie et al. (2016), the reaction 
starts when the free amino group of an amino acid attacks the reactive carbonyl group of glucose or 
fructose to form the Schiff base. From here, a variety of successive chemical reactions occur leading to 
the formation of the α-dicarbonyl intermediates. These are necessary for the Strecker degradation 
reaction to occur following an attack of an amino acid. From this various volatile aldehydes and ketones 
are generated. The same reaction is also responsible for the formation of various pyrazines, pyrroles and 
pyridines through subsequent polymerization and heterocyclization reactions (Afoakwa et al., 2008; 
Beckett, 2009). Table 2.6 provides an overview of some groups of volatiles (aldehydes, ketones, 
pyrazines, furans, furanones, pyrans and others) identified from the roasted cocoa beans.  
 
The aldehydes are marked for their impact on the development of good cocoa flavor. As can be seen, 
0PS possessed the highest headspace concentration with an insignificant decline (p>0.05) observed as 
the duration of PS increased from 3 to 7 days. Acetaldehyde was the least abundant aldehyde with its 
lowest headspace concentration observed in 3PS, withal, it was the most odor-active aldehyde identified 
in the three samples. Other odor-active volatiles included 2/3-methylbutanal, benzaldehyde and phenyl 
acetaldehyde. There was an insignificant decline in the total headspace concentration of ketones as PS 
increased from 0PS to 3PS, proceeded by a sharp increase in 7PS. Ketones were the least odor-active 
group with only 2-nonanone being identified. 3-hydroxy-2-butanone was the most abundant ketone with 
the highest concentration identified in 7PS, followed by 0PS and then 3PS, however, its contribution to 
the overall flavor was uncertain as its OTV in oil media was unknown. 
 
Although a significant decline (p<0.05) was observed as PS increased to 3 days, the total pyrazine 
concentration increased about 4 folds as PS increased to 7 days. This was mirrored by the predominance 
of eight out of the ten pyrazines identified in the liquor of 7PS. In retrospect, we could suggest that the 
lower concentration of aldehydes in 7PS may be due to their conversion to these heterocyclic pyrazines 
which further contributed to their higher concentration. Tetramethylpyrazine which was the most 
predominant pyrazine in all samples has been reported as one of the main components of cocoa aroma 
(Rodriguez-Campos et al., 2012). Nevertheless, the contributing effect of this volatile to the flavor 
quality of the cocoa may have been negligible due to its high OTV (OAV < 1). Also identified was the 
odor-active trimethylpyrazine, another important pyrazine. Its headspace concentration decreased 
significantly (p<0.05) from 0PS to 3PS and then increased sharply to 7PS. Among the pyrazines, 2,3-
dimethyl-5-ethylpyrazine was the most odor-active and likely to impart its typical cocoa and nutty notes 
(Bonvechi, 2005).
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Table 2.6: Mean headspace concentrations (ng/g) and odor activity values of some Maillard reaction related volatiles identified in roasted 
pod stored (0, 3 and 7 days) cocoa beans [n = 3] 
  Concentration (ng/g)  OAV    
No. VOC 0PS 3PS 7PS OTV (ng/g) 0PS 3PS 7PS Description* KI (exp) KI (lit)+ 
 Aldehydes           
1 Acetaldehyde 21.29 ± 2.69A 13.82 ± 4.03B 21.06 ± 1.39A 0.22 96.78 62.83 95.72 Bitter pungent 678.82 714 
2 2-Methylbutanal 117.39 ± 7.25B 95.30 ± 6.11C 132.43 ± 1.38A 2.2 - 152 ≤ 53.36 ≤ 43.32 ≤ 60.19 
Cocoa, chocolate, 
almond 
935.01 880-961 
3 3-Methylbutanal 428.35 ± 36.53A 343.99 ± 22.65B 404.56 ± 1.86A 5.4 - 80 5.35 - 79.32 4.30 - 63.70 5.06 - 74.92 Cocoa, chocolate 937.37 884-943 
4 2-Isopropylbut-2-enal 83.29 ± 3.20A 46.97 ± 4.89B 54.93 ± 4.38B      1174.10  
5 Benzaldehyde 1084.56 ± 45.37A 985.69 ± 34.22B 654.31 ± 34.35C 60 18.08 16.43 10.91 Bitter, almond 1498.67 1495 
6 
Benzeneacetaldehyde/phe
nyl acetaldehyde  
53.08 ± 13.79B 56.99 ± 4.13AB 75.01 ± 6.26A 22 - 154 ≤ 2.41 ≤ 2.59 ≤ 3.41 Honey, floral 1609.13 1592-1689 
7 2-Phenyl-2-butenal 491.98 ± 24.52A 189.32 ± 8.20C 238.06 ± 5.13B     
Cocoa, sweet, 
roasted, rum 
1862.03 1896-1972 
8 Methyl phenyl pentenal 36.48 ± 2.55A 44.08 ± 1.83A 36.51 ± 10.32A     Cocoa 1872.29  
9 
5-Methyl-2-phenyl-2-
hexenal 
158.44 ± 5.89B 182.45 ± 6.40A 173.02 ± 17.12AB     Cocoa, chocolate 1978.05  
 Total 2474.85 ± 125.49A 1958.61 ± 57.76B 1789.8 ± 55.27B        
 Ketones           
10 2-Pentanone 89.42 ± 19.49B 109.33 ± 5.68AB 141.51 ± 34.50A 288000 ˂ 1 ˂ 1 ˂ 1 
Sweet, fruity, 
banana, 
fermented 
978.82 943-1023.72 
11 2,3-Pentanedione 31.37 ± 0.47A 31.68 ± 6.54A 22.47 ± 6.17A     Bitter pungent 1055.50 1054 
12 2-Heptanone 88.06 ± 4.58B 125.80 ± 9.33A 116.47 ± 1.43A 1500 - 34000 ˂ 1 ˂ 1 ˂ 1 Fruity, floral 1250.15 1145-1216 
13 3-Hydroxy-2-butanone 823.65 ± 59.51B 466.33 ± 2.65C 1694.56 ± 16.57A     Butter, cream 1282.81 1236-1333 
14 1-Hydroxy-2-propanone 178.31 ± 7.97B 197.58 ± 2.14A 193.45 ± 1.43A      1295.70 1272-1340 
15 3-Hydroxy-2-pentanone 42.16 ± 1.89B 34.09 ± 2.81C 91.61 ± 3.90A      1338.31 1338-1368 
16 2-Nonanone 38.84 ± 7.21C 191.99 ± 9.20A 82.34 ± 15.38B 100 ˂ 1 1.92 ˂ 1  1387.94 1347-1420 
17 1-(2-furanyl)-ethanone 36.25 ± 4.48B 32.42 ± 3.48B 76.35 ± 9.54A      1485.78 1457-1536 
18 Acetophenone 212.67 ± 2.16B 307.68 ± 9.38A 344.07 ± 28.73A 5629 ˂ 1 ˂ 1 ˂ 1 
Must, floral, 
almond 
1616.18 1600-1695 
 Total 1540.74 ± 60.10B 1496.90 ± 26.58B 2762.84 ± 56.08A        
 Pyrazines           
19 Methylpyrazine 46.48 ± 4.52C 101.76 ± 1.70B 139.55 ± 7.41A 27000 ˂ 1 ˂ 1 ˂ 1 
Nutty, chocolate, 
cocoa, roasted 
nuts 
1265.68 1235-1312 
20 2,5-Dimethylpyrazine 156.01 ± 9.50B 244.94 ± 14.42A 170.25 ± 6.82B 2600 - 17000 ˂ 1 ˂ 1 ˂ 1 Chocolate, nutty 1323.20 1274-1358 
21 2,6-Dimethylpyrazine 74.74 ± 0.89C 101.91 ± 11.07B 123.51 ± 5.15A 1021 - 8000 ˂ 1 ˂ 1 ˂ 1 Nutty, herbal 1328.75 1280-1370 
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  Concentration (ng/g)  OAV    
No. VOC 0PS 3PS 7PS OTV (ng/g) 0PS 3PS 7PS Description* KI (exp) KI (lit)+ 
22 2,3-Dimethylpyrazine 178.46 ± 6.54B 187.85 ± 6.60B 530.59 ± 8.85A 123 1.45 1.53 4.31 Caramel, cocoa 1345.60 1306-1377 
23 2-Ethyl-6-methylpyrazine 65.81 ± 4.84A 51.83 ± 3.76A 75.32 ± 33.39A     
Cocoa, roasted, 
green 
1384.17 1491-1521 
24 Trimethylpyrazine 474.96 ± 32.26B 408.77 ± 13.10C 1499.51 ± 18.38A 290 1.64 1.41 5.17 
Cocoa, rusted 
nuts, peanut 
1403.82 1395 
25 
2,3-Dimethyl-5-
ethylpyrazine 
177.17 ± 19.68B 121.12 ± 41.52B 324.70 ± 23.16A 60 2.95 2.02 5.41 
Cocoa, roasted 
nuts, peanut 
1453.70  
26 Tetramethylpyrazine 753.35 ± 43.78B 385.54 ± 11.35C 4658.96 ± 65.28A 38000 ˂ 1 ˂ 1 ˂ 1 
Cocoa, chocolate, 
roasted 
1465.81 1438-1485 
27 2-Methyl-6-vinylpyrazine 27.24 ± 2.28C 38.48 ± 4.15B 48.20 ± 3.12A      1474.46  
28 
3,5-Diethyl-2-
methylpyrazine 
53.85 ± 3.95A 22.81 ± 1.24B 40.28 ± 11.82AB     
cocoa, chocolate, 
rum, sweet, 
roasted 
1483.03  
 Total 2008.07 ± 105.37B 1665.01 ± 60.64C 7610.88 ± 106.13A        
 Furans, furanones, pyrans           
29 2-Pentyl furan 28.92 ± 5.30B 37.10 ± 4.36AB 45.49 ± 6.62A 100 - 2000 ˂ 1 ˂ 1 ˂ 1  1233.13 1193-1265 
30 
3-Methyl-2-(2-methyl-2-
butenyl)-furan 
24.00 ± 9.11AB 19.60 ± 1.21B 30.73 ± 2.95A      1399.47  
31 Dihydro-2(3H)-furanone 173.96 ± 9.79A 191.17 ± 3.16A 183.16 ± 10.90A     
Sweet aromatic, 
buttery 
1591.76 1630 
32 Furfural alcohol 262.86 ± 7.33B 273.74 ± 4.89B 461.22 ± 13.32A     
Mild, oily, "burnt", 
caramel 
1633.39  
33 
2,5-Dimethyl-4-hydroxy-
3[2H]-furanone 
57.70 ± 4.30C 64.21 ± 1.11B 136.81 ± 0.98A 1.6 - 50 1.15 - 36.06 1.28 - 40.13 2.74 - 85.51 
Sweet, fruity 
caramel, burnt 
pineapple aroma 
1949.68  
34 
2,3-Dihydro-3,5-dihydroxy-
6-methyl-4H-pyran-4-one 
412.65 ± 42.62B 373.62 ± 41.42B 573.27 ± 31.32A     Roasted 2117.10  
 Total 960.09 ± 24.93B 959.44 ± 32.33B 1430.68 ± 49.44A         
 Others           
35 Dimethyldisulfide 44.12 ± 2.75B 31.33 ± 7.46B 59.89 ± 4.70A 12 3.68 2.61 4.99 
cabbage, sulfur, 
gasoline 
1061.10 1071 
36 2-Butene oxide 440.09 ± 18.50B 335.96 ± 10.39B 1951.32 ± 125.85A      1544.36  
37 Benzonitrile 73.50 ± 9.42B 72.98 ± 12.15B 111.41 ± 13.20A     
Nutty, almond-
like 
1571.57 1583-1637 
38 2-Methoxyphenol 68.12 ± 9.21B 60.09 ± 3.26B 123.72 ± 3.86A 10 - 70 ≤ 6.81 ≤ 6.01 1.77 - 12.37 Smoky 1804.22 1815-1910 
39 2-Acetylpyrrole 208.54 ± 8.54B 196.59 ± 8.96B 342.42 ± 15.51A     
cocoa, chocolate, 
hazelnut, roasted 
1896.55 1930-2020 
40 Pantoic lactone  45.14 ± 4.47B 51.60 ± 1.00B 76.54 ± 14.32A      1941.43 2034&2070 
 Total 879.50 ± 17.44B 748.57 ± 8.11B 2665.29 ± 133.28A        
 Grand total 7863.25 ± 282.23B 6828.53 ± 86.62C 16259.56 ± 52.95A        
For each row different alphabets represent significant differences (α = 0.05) among samples; (*) odor description from Afoakwa et al. (2008), 
Tran et al. (2015) and Aprotosoaie et al. (2016); (+) KI (lit) sourced from webbook.nist.gov or pherobase.com.
60 
  
The total headspace concentration of furans, furanones and pyranones was the highest in 7PS although 
0PS and 3PS showed no significant difference. Furans such as furfural alcohol which imparts caramel 
flavor note was found to increase sharply as PS increased to 7 days. It is however unclear if this volatile 
contributes to the overall flavor of the cocoa as its OTV in oil media is unknown. The only odor active 
furan identified was 4-hydroxy-2,5-dimethyl-3(2H)-furanone. Doornbos et al. (1981) revealed that, 
Amadori rearrangement products derived from rhamnose and proline are important precursors for the 
generation of this potent sweet, fruity caramel-like volatile.  
 
Other volatiles such as dimethyldisulfide, 2-methoxyphenol and 2-acetylpyrrole were also present in the 
liquors. Odor-active dimethyldisulfide and 2-methoxyphenol which are associated with undesirable 
flavor notes were predominant in 7PS, followed by 0PS, and then 3PS. 2-acetyl-1-pyrrole, although not 
odor-active, was obtained in fairly high concentrations in the three samples. It is derived from proline 
through Maillard reaction and imparts many important notes such as caramel, chocolate and roasted 
flavor, which are desirable in roasted cocoa (Mottram, 2007). Together with the others, this group of 
volatiles was the highest in 7PS, whereas the concentrations in 3PS and 0PS showed no significant 
difference among each other.  
 
On the whole, 7PS seemed to have enhanced the formation of more Maillard reaction related volatiles. 
This was followed by 0PS and finally 3PS. Even though the total reducing sugars increased significantly 
from 0PS to 3PS and remained indifferent until 7PS, the respective fructose-glucose ratio for these were 
approximately 3:1, 2:1 and 4:1. As suggested by Reineccius et al. (1972) and Beckett (2009), this ratio 
can be expected to play a key role in determining the outcome of volatile generation in the Maillard 
reaction during roasting of the beans. Hence, the observed trend in the total volatile concentrations. 
Additionally, the significantly high amounts of free amino acids in 7PS may have contributed to the 
formation of most volatiles, especially, pyrazines, whose abundance in roasted cocoa beans have been 
closely associated with the hydrophobic class amino acids (Voigt et al., 1994a,b). 
 
The possible influence of PS on different flavor volatile concentrations was also investigated through 
principal component analysis (PCA). A biplot of the first two principal components (PC1 = 55.65% and 
PC2 = 27.66%) is shown in Fig. 2.2, where a total of 83.31% of the variability is explained. Here, the 
clustering of volatiles around 7PS also depicted the predominance of these volatiles in the sample 
compared to 0PS and 3PS. From these, one may expect an intensity of diverse flavor notes to be 
perceived in the liquor from 7PS. Although 0PS was highly associated with volatiles such as 2-
isopropylbut-2-enal, 2-phenyl-2-butenal and benzaldehyde, 3PS was dominated by volatiles such as 2-
nonanone, 2,5-dimethyl pyrazine and methyl phenyl pentenal. Several reasons could account for the 
lower total volatile concentration in 3PS. However, within the framework of this study, the renowned 
effect of pulp volume reduction through moisture evaporation and respiration of inherent sugars leading 
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to a possible suppression of the anaerobic phase during the initial stages of fermentation could be 
implicated. The results indicate that storing the cocoa pods for 3 days may be too short a duration to 
cause any pronounced effect on the volatile formation in the cocoa beans. Meanwhile, one could suggest 
that the onset of a ‘fermentation-like’ process in 7PS may have yielded a substantial amount of flavor 
precursors resulting in the higher concentration of these Maillard reaction related volatiles as identified. 
 
Fig. 2.2: PCA showing volatile composition of roasted cocoa beans as affected by 0, 3 or 7 days of 
pod storage 
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2.4 Conclusions 
There is no doubt about the convenience and practice of PS among Ghanaian cocoa farmers. However, 
the knowledge gap between this practice and the consequential impact on precursor and flavor 
modification rather possess a limitation on the possibility of harnessing its benefits. Among other 
findings, the significant impact of PS on FI and nib acidity can be explained by the biochemical changes 
leading to pulp modification (e.g. moisture reduction) and cellular degradation within the pods as 
visualized. Whilst the entire reaction of sugar degradation may be deemed complex, a clear relationship 
between the FI, nib acidity and the glucose content was observed. Also, a significantly high (p<0.05) 
fructose concentration in 7PS was possibly due to the advanced state of pulp and other cellular 
degradation as visualized from the opened pods. Whilst sucrose is suspected to have been involved in 
other side reactions, the significantly high (p<0.05) concentration in 3PS could be accounted for by its 
significantly low (p<0.05) FI. The studies revealed that, whereas a short duration of PS may not 
significantly contribute to substantial amount of free amino acids in cocoa beans, the significant increase 
(p<0.05) of these at extended duration (7PS) may be crucial in boosting the flavor potential of cocoa 
beans. Overall, 7PS seemed to have enhanced the formation of more volatiles. This was followed by 
0PS and finally 3PS. Finally, even though a marginal increasing in total reducing sugars (glucose and 
fructose) was associated with increasing PS, the fructose-glucose ratio of the samples as affected by PS 
seemed to have played a major role in determining this outcome as also suggested in some studies. 
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Chapter 3 
Unravelling the influence of pod storage on the flavor characteristics of dark chocolates  
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Abstract 
The impact of pod storage (PS) on the flavor characteristics of dark chocolates was elucidated by means 
of various quality, aroma (HS-SPME-GC-MS) and sensory analyses. These were three equally produced 
70% bean-to-bar dark chocolates from cocoa beans which had been previously subjected to different PS 
durations; 0, 3 and 7 days. First, the highly comparable quality attributes of the chocolates demonstrated 
the uniform impact of the applied manufacturing processes. The impact of PS on the acidity of the 
chocolates was also revealed through various instrumental analyses and later confirmed by a sensory 
panel. More so, by monitoring the trends in major classes of volatiles (alcohols, esters, terpenes, 
aldehydes, ketones, pyrazines, furans, etc.) and mapping them to some specific flavor attributes as 
perceived by the panel, there was substantive evidence to demonstrate the contribution of PS on the 
diversity of flavor profiles of chocolates through the modification of pulp and flavor precursor 
generation, as previously demonstrated. Overall, prolonged PS seemed to minimize the perception of 
fruity/floral notes whilst intensifying cocoa, acidic and bitter notes in chocolate.  
 
3.1 Introduction 
The impact of pod storage (PS) on the flavor potential of cocoa has received less attention. As a result, 
knowledge about its influence on the final flavor of dark chocolates still remains unclear. The raw cocoa 
bean is characterized often by its astringency, extreme bitterness and underdeveloped aroma profile 
which relies on further post-harvest processing for the full potential of the flavor potential to be realized. 
Among these, the fermentation process can be implied to be largely responsible for the conversion of 
various macromolecules in the beans into smaller units which act as precursors for the formation of 
different aroma volatiles. The fermentation is further associated with acid production and the breakdown 
of polyphenols and alkaloids which are also respectively responsible for the astringent and bitter 
sensations perceived in cocoa/chocolate.  
 
From a flavor perspective, the drying step may not only be important for its ability to reduce the acidity 
of cocoa, but also, it is linked to the formation of various Amadori intermediates which may serve as 
precursors for certain key aroma volatiles (pyrazines, aldehydes, ketones, etc.) during subsequent 
roasting. Ultimately, the conditions provided during the roasting and conching stages respectively 
further facilitate the transformation and development of these precursors into the desirable aroma 
compounds necessary for the typical flavor of the final chocolate (Counet et al., 2002; Nazaruddin et 
al., 2006; Arlorio et al., 2008; Frauendorfer and Schieberle, 2008; Beckett, 2009; Aprotosoaie et al., 
2016). Prior to these processes, PS as a means of cocoa pulp pre-conditioning can also be seen to 
significantly influence the dynamics of flavor precursor generation in the beans (Hinneh, et al., 2018). 
During this process, known physicochemical changes such as pulp volume reduction and the inversion 
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of sugars along with other biochemical processes do occur in the cocoa pods. These biochemical 
processes have been reported to have direct impact on both aroma precursor and volatile generation 
during subsequent processes (Afoakwa et al., 2011a; 2011b). Our previous studies also revealed a 
general increasing trend of both total free amino acids and reducing sugars with the PS duration. 
Meanwhile, an estimation of the fructose-glucose ratio further revealed a pattern (0PS = 3:1, 3PS = 2:1 
and 7PS = 4:1) which was directly related to the trends as observed for most Maillard reaction related 
volatiles which were investigated (Hinneh et al., 2018). The effect of PS was also demonstrated by 
Aroyeun et al. (2006) who indicated an improvement in the flavor quality of Malaysian beans after 21 
days of storage prior to fermentation. Until now, the sole impact of PS has only been established on the 
level of the bean/liquor aroma quality and not the final chocolate product. Thus, the extent to which this 
technique may (not) impact both aroma and sensory characteristics the final chocolate still remains 
unclear. The aim of this chapter was therefore to investigate the influence of this PS on the flavor 
characteristics of dark chocolates. 
 
3.2 Materials and methods 
3.2.1 Sample preparation  
Harvesting, PS, fermentation, drying and transportation were carried out as described in sections 2.2.2 
and 2.2.3. Roasting and winnowing (2 kg per batch) were carried out in the Selmi roaster (Selmi-group, 
Italy) and Winn-15 Winnower (Cacao Cucina, U.S.A), respectively. The protocol for grinding the nibs 
was as follows: to begin with, the cocoa nibs (1.5 kg per batch) were pre-broken using the Stephan mixer 
at 45 ⁰C (first, 8 min at 50% speed, then, 6 min at 75% speed). Thereafter, the big drum of the ECGC-
12SLTA melanger (CocoaTown, Roswell, USA) was used to further grind the nibs into fine liquor. For 
this, about 300 min grinding time was required to obtain liquor of particle size; D (v, 0.9) of about 21 
µm. The particle size was determined using a Malvern Mastersizer according to section 3.2.3. 
 
3.2.2 Chocolate production, tempering, molding and storage  
Three batches of 70% dark chocolates consisting of 30.00% pre-broken sugar (Barry Callebaut Belgium, 
Wieze, Belgium), 64.65% cocoa liquor, 5.00% cocoa butter (Puratos - Belcolade, Erembodegem, 
Belgium) and 0.35% soy lecithin (Soya International Ltd, Cheshire, U.K.) were produced on a 5 kg 
scale. Mixing was carried out using the VEMA BM 30/20 planetary mixer (Machinery Verhoest 
NV/Vema Construct, Izegem, Belgium) for a duration of 20 min at 45 oC. The mixed ingredients (27% 
fat) was refined with the Exakt 80S 3-roll refiner (Exakt Technologies, inc., USA) at gap setting 2-1, 
roller speed of 400 rpm and temperature of 35 oC. The refined chocolate mass was then conched in a 
Bühler ELK'olino conche (Richard Frisse GmbH, Bad Salzuflen, Germany) in two phases. The dry 
phase was carried out at 60 oC with 1200 rpm for two hours (clockwise) and 80 oC with 1200 rpm for 
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four hours (anti-clockwise). At the liquid phase, calculated amounts of pre-conched cocoa liquor, cocoa 
butter and the soy lecithin were added, such that, the final fat content of the chocolate was 43%. Here, 
the process was carried out as follows; 45 oC with 2400 rpm for 15 min (clockwise) and 15 min (anti-
clockwise). Pre-conching of part of the cocoa liquor was necessary since the entire amount of cocoa 
liquor required to produce final chocolate consisting of 70% cocoa could not be included in the recipe 
prior to the dry conching phase. Hence, for each batch, equal amounts of cocoa liquor were previously 
dry-conched using the same dry conching procedure, of which specific required amounts were later 
added at the stage of liquid conching in order to make up for this final concentration. This production 
method was inspired by the Cocoa of Excellence Program. Tempering was performed manually on a 
marble table as recommended by Beckett (2009). The quality of the tempering process was monitored 
by measuring the temper index (TI) of the chocolates using a temper meter (Aasted Mikroverk Choco 
Meter MK-3, Farum, Denmark). All the chocolates had TI in the range of 3.5-5.5 indicating that they 
were well-tempered. The tempered chocolates were then poured into molds with dimensions 100 × 24 
× 10 mm and cooled at 12 °C for 1 h. Afterwards, they were de-molded and transferred to a thermal 
cabinet fixed at 20 °C for 24 h. Finally, the chocolate bars were wrapped in aluminum foil and allowed 
to mature for 14 days at 20 °C. 
 
3.2.3 Chocolate quality attributes 
The moisture content of the chocolates were determined by the official Karl Fischer method Ca 2e-84 
by AOCS (2017). Here, an automated 719 Titrino device (Metrohm, Switzerland) was used for the 
measurement with Hydranal titrant 5 (Riedel de Haen, 34801) and Hydranal solvent (Riedel de Haen, 
34812). Fat content was determined according to AOAC (2005) method 963.15. Particle size distribution 
(PSD) of the chocolates were determined with a Master Sizer S (Malvern Instruments Ltd., 
Worcestershire, UK), a laser diffraction particle size analyzer, equipped with a 300 RF lens and an active 
beam length of 2.4 to measure particles in a range of 0.05-900 μm. First, 0.5 g of each molten chocolate 
was diluted with 10 ml of isopropanol (VWR, Leuven, Belgium) and placed in an oven at 50 °C for an 
hour. Then the suspension was further homogenized by shaking it with a vortex mixer. After this, a 
Pasteur pipette was used to inject a few drops of the suspension into the system, such that an obscuration 
between 20% and 30% was attained. The background was measured beforehand, at the same flow rate 
as the sample. The percentiles; D (v, 0.1), D (v, 0.5) and D (v, 0.9) being the dimensions of which 
respectively 10%, 50% and 90% of the particles were smaller, the volume mean diameter; D (4,3), span, 
Sauter mean diameter; D (3,2) and specific surface area (SSA) were the PSD parameters reported. 
Whereas the SSA was calculated based on the D (3,2), the percentiles, volume mean diameter and span 
were attained from the volume-weighed distribution. Melting profiles of the matured chocolate bars 
were determined using the Q1000 differential scanning calorimeter (DSC) equipped with a refrigerated 
cooling system (TA Instruments, New Castle, Delaware, USA) and calibrated with indium, azobenzene 
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and undecane. For each bar approximately 3-4 mg was scraped unto an aluminum pan (TA Instruments, 
New Castle, Delaware, USA) and hermetically sealed. An empty pan was used as a reference. The pans 
were placed in the DSC and equilibrated at 20 ºC for 20 min. It was then heated until a temperature of 
70 ºC, at a rate of 5 ºC/min. Specific melting parameters assessed include the onset temperature (Tonset), 
peak maximum temperature (Tmax), offset temperature (Toffset) and enthalpy (ΔHmelt). Also, the flow 
behavior of each chocolate was determined according to Analytical method 46, stated by ICA (2000). 
Here, an AR2000ex rheometer was used, coupled with a concentric DIN cylinder geometry (stator inner 
radius of 15 mm, rotor outer diameter of 14 mm and gap of 5920 μm). The temperature of the rheometer 
was set at 40 °C. Chocolates were melted for one hour at 52 °C before sampling 20 g for analysis. After, 
the data was fitted to the Casson model (Eqn. 3.1) from which the Casson yield value (τCA) and Casson 
plastic viscosity (ηCA) were obtained. The value of thixotropy was also obtained by computing the 
difference between the shear stress at 5 s-1 for ramp up and ramp down measurements (Afoakwa, 2010). 
√ =  √𝜏𝐶𝐴 + √𝜂𝐶𝐴 . √?̇? 
Eqn. 3.1: Casson model ( = shear stress, τCA = Casson yield value, 
         ηCA = Casson plastic viscosity, ?̇? = shear rate) 
 
3.2.4 Chocolate flavor attributes 
The pH, titratable acidity (TA) and aroma profiling of both liquors and chocolates were determined 
according to sections 2.2.6 and 2.2.9. Sensory evaluation of the matured chocolate bars were also 
conducted using a trained expert panel. Both panel training and the analysis of the chocolates were 
carried out in the sensory facility of a chocolate company with participants from their team of experts – 
each with at least three years of experience in the analysis of dark chocolates. The selection and training 
of the panel was carried out according to Sukha et al. (2008). During the training, the performance and 
consistency of the panel were verified using reference chocolates of known origins. The aforementioned 
criteria, together with good reproducibility also served as pre-requisites for a candidate’s selection for 
the final evaluation. A final 9-member expert panel (5 females, 4 males) aged between 25-40 years was 
used for the analysis. The panelists were instructed to rate the intensities of seven different attributes 
(cocoa, earthy, nutty, fruity, floral, acidity and bitterness) on an ordinal scale of 0-5 (0 = absence, 5 = 
highly perceivable). Three different sessions (on three different days) were conducted for this 
evaluation. For each session, the chocolates (5 g) were served in a random order at room temperature 
on identical disposable plates which had been pre-coded with three random digits. Finally, in order to 
minimize carry-over effect, the panelists were provided with unsalted crackers and tap water to 
neutralize their mouths in between the samples. 
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3.2.5 Statistical analysis  
The results from chocolate quality attributes (moisture, fat, particle parameters, etc.) as well as the flavor 
attributes (pH, TA, aroma volatile concentrations) were subjected to analysis of variance (ANOVA) at 
5% error rate. Assumptions of normality and equality of variance were tested prior to the analysis using 
Kolmogorov-Smirnov test and Modified Levene’s test, respectively. Where assumptions were fulfilled, 
a post-hoc Tukey’s test was used to investigate significant differences among chocolates. However, 
where assumption was not fulfilled, a non-parametric alternative, Welch was used along with Games 
Howell post-hoc test. ANOVA was performed with Minitab 18 (Minitab Inc, USA). Thereafter, a 
principal component analysis (PCA) biplot was used to visualize the relationships between the aroma 
profiles of the different liquors and chocolates using XLSTAT 2014.5.03 (Addinsoft, USA). Differences 
in sensory profiles were also visualized using spider plot constructed with Excel 2016 (Microsoft, USA). 
All analyses were carried out in triplicate (as technical replicates) unless otherwise stated in a specific 
procedure. Results have been reported in each table as means and standard deviations of the recorded 
values. In the case of highly reproducible data, the calculated standard deviation may be much lower 
than the acceptable number of decimal places for a given parameter - in which case it is rounded off to 
zero. 
 
3.3 Results and discussion 
3.3.1 Quality attributes of dark chocolates 
As seen from Table 3.1, no significant (p>0.05) differences were observed in relation to the moisture 
and fat contents of the chocolates. The values obtained were 0.6% and 42% respectively which could be 
indicative of the surpassing impact of the manufacturing processes on these parameters in spite the 
different PS treatments. Likewise, with the exception of the slightly lower D (v, 0.1) measured for 0PS, 
the chocolates also seemed to possess similar fineness. The PSD is a key influential factor determining 
the microstructure, flow and other mechanical properties of chocolate. It was characterized by the 
parameters including D (v, 0.1), D (v, 0.5), D (v, 0.9), D (4,3) and D (3,2). Of these, the D (v, 0.9) is 
considered as the most critical in explaining the finesses of chocolate as perceived by consumers 
(Beckett, 2009). Although, no significant differences (p>0.05) in D (v, 0.9) was observed among the 
chocolates, the 7PS chocolate possessed the highest whereas the lowest value was recorded in the 3PS 
chocolate. Finally, grittiness in chocolate is abhorred by consumers for which reason the fineness of 
chocolate is required below 30 µm (Awua, 2002; Bolenz and Manske, 2013). Expectedly, all chocolates 
had fineness lower than this limit. 
 
The so-called melt-in-mouth property of chocolate as well as its flavor perception can be influenced by 
its flow and melting properties (Beckett, 2009; Bolenz and Manske, 2013). The flow behavior of each 
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chocolate was characterized by the Casson yield stress (the minimum shear stress required to initiate 
flow), Casson plastic viscosity (the resistance to flow) and thixotropy (time-dependency of the 
viscosity). As seen from Table 3.1, a close range of flow parameters were recorded for the chocolates. 
Withal, relatively higher values were recorded for 0PS, followed by 3PS, then the 7PS chocolates. 
Clearly, these slight variations may be more process-related other than being PS-related. Similar 
observations could also be made for the melting parameters of the chocolates where a close range of 
recorded values for the various parameters and the lack of a clear pattern with respect to the 
aforementioned quality attributes was observed. However, in general, the chocolates can be said to have 
been adequately tempered given the high correspondence of the recorded peak melting temperatures 
(Tmax) to the typical melting range of the βV polymorphs (32-34 °C) of a well-tempered chocolate 
(Afoakwa, 2016). 
 
Table 3.1: Quality attributes of dark chocolates produced with different pod storage treatments 
[n = 3]  
 0PS 3PS 7PS 
Moisture and fat content 
Moisture (%) 0.6 ± 0.1a 0.6 ± 0.0a 0.6 ± 0.0a 
Fat content (%) 41.7 ± 0.3a 41.8 ± 0.2a 41.7 ± 0.2a 
Particle parameters 
D(4,3) (µm) 10.8 ± 0.3a 10.9 ± 0.3a 11.1 ± 0.4a 
D(3,2) (µm) 2.3 ± 0.1a 2.6 ± 0.2a 2.6 ± 0.1a 
D(v,0.1) (µm) 1.1 ± 0.0b 1.3 ± 0.1a 1.3 ± 0.0a 
D(v,0.5) (µm) 7.8 ± 0.2a 7.8 ± 0.3a 7.8 ± 0.2a 
D(v,0.9) (µm) 24.7 ± 0.9a 24.2 ± 0.7a 25.1 ± 1.0a 
SSA (m²/m³) 2.6 ± 0.1a 2.4 ± 0.2a 2.3 ± 0.1a 
Span (-) 3.0 ± 0.1a 2.9 ± 0.0a 3.0 ± 0.1a 
Flow parameters 
Casson yield (Pa) 6.8 ± 0.1a 6.7 ± 0.0ab 6.5 ± 0.1b 
Casson Viscosity (Pa.s) 3.4 ± 0.2a 3.0 ± 0.1ab 2.8 ± 0.1b 
Thixotropy (Pa) 1.0 ± 0.2a 0.9 ± 0.1a 0.5 ± 0.1b 
Melting profiles 
Tonset (°C) 28.7 ± 0.2b 29.4 ± 0.1a 29.5 ± 0.1a 
Tmax (°C) 34.3 ± 0.0b 34.2 ± 0.1b 34.5 ± 0.1a 
Toffset (°C) 35.9 ± 0.2ab 35.6 ± 0.2b 36.1 ± 0.2a 
ΔHmelt (J/g) 52.8 ± 0.8a 47.7 ± 0.8b 49.4 ± 0.7b 
Different alphabets in each row indicate significant differences (α = 0.05) among chocolates 
 
3.3.2 Flavor attributes of dark chocolates 
3.3.2.1 Acidity (pH and TA) 
An inverse relationship was observed between the strength of acids (pH) and the concentration of 
titratable acids (TA); a trend which was evident in Table 3.2. In agreement with our previous findings 
(Hinneh, et al., 2018), the highest acidity was recorded in 7PS, followed by the 0PS and finally, the 3PS 
70 
  
chocolate. Although key processing factors such as roasting and conching could potentially influence 
the level of acidity in the final chocolates, the same initial trends as observed from the unroasted beans 
due to the impact of PS were maintained. Here, the extended cellular degradation and onset of a 
fermentation-like process associated with the 7PS can be implicated (Hinneh et al., 2018). Invariably, 
the phenomenon of mass transfer of the acids along with other constituents of the degraded pulp 
(sweating) into the cocoa beans can be suggested to be the cause of the significantly (p<0.05) higher 
acidity in the 7PS chocolate compared to the reference (0PS). Withal, an opposite phenomenon was 
observed in the case of 3PS where the modification of the pulp possibly led to the limitation of the 
fermentative quality of the beans (thus less acid production) as evidenced by the conspicuous reduction 
in pulp volume but no extensive degradation of the pulp material as was the case in 7PS (Hinneh et al., 
2018). 
 
Table 3.2: Acidity of dark chocolates as influenced by different pod storage treatments [n = 3]  
 pH (20°C) TA (meq NaOH/g) 
0PS 5.40 ± 0.01b 3.20 ± 0.01b 
3PS 5.70 ± 0.01a 2.80 ± 0.01c 
7PS 5.30 ± 0.01c 3.60 ± 0.01a 
Different alphabets in each column indicate significant differences (α = 0.05) among chocolates 
 
3.3.2.2 Aroma profiles of dark chocolates 
Generally, the concentrations of the volatiles were higher in the liquors than in the respective chocolates. 
First, this could be due to the dilution effect of the formulation on the volatile concentration given the 
fact that, compared to the liquor, a gram of chocolate consisted of 30% less cocoa. However, more 
importantly, the impact of processing on the volatile concentration can be alluded. Among others, the 
conching process has been marked for its influence in eliminating unwanted volatile compounds (such 
as acetic acids), especially during the initial dry conching phase. However, it can be seen from Table 
3.3 that the process was not only selective for the acids but also other more desirable volatiles were 
reduced and in some cases, completely lost. This confirmed the initial findings of Counet et al. (2002) 
and Owusu et al. (2012) who also observed the loss and/or conversion of some desirable aroma volatiles 
together with the undesirable ones during the course of the conching process. Notwithstanding, with the 
exception of a few individual volatiles, the same trends were observed in both liquors and chocolates. 
 
3.3.2.2.1 Volatile acids 
Among all the volatiles, the acids were the most predominant group of volatiles identified in both liquors 
and the final chocolates (Table 3.3) using HS-SPME-GC-MS. As aforementioned, liquors were higher 
in terms of concentration than the chocolates. An opposite trend was however seen for isobutyric acid 
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in which case the concentration was higher in the chocolate than in the liquors. This being considered 
as either a branched-chain fatty acid or a conjugate acid of isobutyl acetate, it may have either originated 
from the fatty acid fraction of the cocoa butter during the conching process or existed as a product from 
the de-esterification of isobutyrate. Meanwhile, 2-methylbutyric acid was not detected in the chocolates. 
This could also be due to its high volatility being aggravated by the temperature and duration of the 
applied conching process (2 h at 60 °C, then 4 h at 80 °C). Meanwhile, the same trends in total volatile 
acids from both liquors and chocolates also conformed to the acidity (pH and TA) of the chocolates as 
earlier observed (Table 3.2). For these trends, the same reasons could be implicated. 
 
3.3.2.2.2 Alcohols, esters and terpenes/terpenoids 
The alcohols were the next most abundant group of volatiles apart from the acids. Of these, 2,3-butandiol 
and phenyl ethyl alcohol recorded the highest concentrations in 7PS and 0PS respectively, for both 
liquors and chocolates. Similar to the other groups of volatiles, the concentrations of the respective 
volatiles in the chocolates were lower than those of the liquors. More so, 2-propanol and 2-heptanol 
were lost from the chocolates possibly due to the conditions of the conching process. Isoamyl alcohol 
which confers banana notes was present in all the chocolates, however, the highest concentration was 
recorded in the 3PS chocolate contrary to the liquor where the same volatile was dominant in 0PS. On 
the whole, 0PS had the highest concentrations of alcohols in both liquors and chocolates. This was 
followed by the 7PS chocolate and finally 3PS chocolates. Generally, given the trend in fermentation 
indices of the different pod stored beans from our previous studies (Hinneh et al., 2018), our results 
suggest that the amount of alcohols produced in the beans (and consequently expressed in the 
chocolates) may have been proportional to their fermentation indices (FI). Out of the ten esters identified 
in the liquors, only four were present in the chocolates. Meanwhile, for both liquor and chocolate 7PS 
possessed the highest total concentration of esters, whereas the lowest concentration was found in 3PS. 
 
Although the levels of terpenes/terpenoids were still higher in the liquors, interestingly, none of these 
was lost from the chocolates. An interesting dynamic where a lot of the terpenes/terpenoids were 
dominant in the 3PS liquor, however, a lot of these also seemed to have been expressed in the 0PS 
chocolates. The delicate nature of these pulp-derived volatiles make them highly susceptible to oxidation 
and other forms of transformation during further processing (Kadow et al., 2013), thus, it is possible 
that the extent of PS and/or fermentation may have had a negative impact on their concentration. This 
can be seen from the inverse relation between the trend in the liquors and the FI of the beans as 
previously reported (Hinneh et al., 2018). However, a slightly different trend as seen in the chocolates 
may possibly be due to the additional impact of the conching process applied. 
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Table 3.3: Concentrations (ng/g) of aroma volatiles identified from cocoa liquors and dark chocolates with different pod storage durations [n = 3] 
No. Volatile 
LIQUOR CHOCOLATE 
Description* KI (exp) KI (lit)+ 
0PS 3PS 7PS 0PS 3PS 7PS 
 Acids          
1 Acetic acid 16044.45 ± 1133.10B 12895.96 ± 138.93C 24743.47 ± 145.48A 3709.15 ± 245.02b 2579.78 ± 122.18c 4524.21 ± 128.36a Sour, vinegar 1430.61 1404-1477 
2 Oxalic acid, diTMS 208.99 ± 47.15A 131.82 ± 19.33B 125.96 ± 39.00B 55.47 ± 10.05b 69.70 ± 23.83b 172.78 ± 74.17a - 1507.96 - 
3 Isobutyric acid 42.42 ± 7.77B 35.53 ± 1.80B 160.96 ± 9.49A 372.91 ± 15.59a 232.00 ± 8.04c 293.31 ± 12.54b Rancid, butter, cheese 1552.90 1563-1588 
4 Isovaleric acid 2578.34 ± 128.80A 2672.31 ± 51.78A 2733.08 ± 43.55A 522.91 ± 21.37a 451.48 ± 96.78a 316.55 ± 14.39b Sweat, rancid 1641.29 1624-1665 
5 Hexanoic acid 1245.81 ± 79.29A 952.35 ± 15.51B 817.28 ± 52.69C 77.95 ± 4.08b 24.28 ± 10.68c 118.14 ± 6.19a Pungent 1804.77 1800-1885 
6 2-Methylbutyric acid 116.71 ± 7.63B 126.66 ± 6.33B 271.00 ± 20.21A - - - Acidic, overripe fruit 1652.19 1652-1667 
 Total  20236.72 ± 1109.95B 16814.62 ± 116.43C 28851.74 ± 190.94A 4738.38 ± 201.55b 3357.22 ± 155.48c 5424.99 ± 68.09a    
 Alcohols          
7 2-Pentanol 147.69 ± 22.37A 167.79 ± 16.01A 173.65 ± 5.39A 10.44 ± 0.65a 8.25 ± 0.97b 5.94 ± 0.19c Fruity 1211.39 1118 
8 Isoamyl alcohol 239.80 ± 16.58A 179.05 ± 9.06B 118.89 ± 1.86C 26.46 ± 3.63ab 28.81 ± 2.31a 21.65 ± 0.69b Banana 1254.89 
1159-
1255.8 
9 2,3-Butanediol 1640.23 ± 92.62B 1232.20 ± 63.35C 2117.17 ± 70.44A 475.43 ± 4.50b 340.78 ± 24.08c 722.31 ± 8.11a Cocoa butter-like 1519.68 1492-1582 
10 Benzyl alcohol 61.93 ± 8.88B 60.42 ± 0.94B 159.11 ± 3.97A 54.71 ± 4.07b 56.97 ± 6.45b 97.27 ± 9.66a Sweet, floral 1814.22 1837-1927 
11 Phenyl ethyl alcohol 2015.26 ± 81.37A 1288.99 ± 54.24C 1405.13 ± 20.67B 837.69 ± 22.64a 479.39 ± 53.69b 442.60 ± 19.02b Honey, spicy, floral 1843.69 1837-1927 
12 2-Propanol 12.80 ± 1.66B 15.87 ± 2.88B 44.21 ± 3.15A - - - Alcohol, pungent 1320.01 - 
13 2-Heptanol 83.63 ± 2.27C 160.18 ± 11.22A 134.60 ± 1.85B - - - Citrus, herbal, spicy 1330.44 1273-1332 
 Total 4201.33 ± 174.74A 3104.49 ± 32.91B 4152.76 ± 69.29A 1404.73 ± 25.57a 914.21 ± 64.07c 1289.77 ± 29.20b    
 Esters          
14 Methyl acetate 41.93 ± 8.08B 36.59 ± 0.04B 67.72 ± 1.39A 19.63 ± 4.87a 21.50 ± 1.97a 19.27 ± 1.00a 
Pleasant, fruity, slightly 
bitter 
872.52 828-864 
15 Isoamyl acetate 827.98 ± 53.71A 648.59 ± 18.76B 568.05 ± 5.98C 14.55 ± 2.48a 7.00 ± 0.24b 9.74 ± 1.92b Banana-like 1117.46 1117 
16 Ethyl phenyl acetate 73.32 ± 9.30B 57.32 ± 1.57C 132.46 ± 3.73A 51.09 ± 2.46b 41.52 ± 1.81c 61.24 ± 3.50a Fruity, sweet 1737.64 1724 
17 Isoamyl benzoate 65.94 ± 1.32C 101.58 ± 4.10B 120.54 ± 4.56A 55.07 ± 1.11b 70.18 ± 6.12a 75.13 ± 4.65a Balsam-like, sweet 1784.77 - 
18 Isobutyl acetate 20.25 ± 2.54B 14.40 ± 2.97B 45.23 ± 4.25A - - - Fruity, floral, ether-like 1010.64 - 
19 Ethyl-2-methylbutyrate 17.06 ± 2.32B 31.06 ± 7.65A 25.51 ± 3.39AB - - - Green, fruity: apple 1049.21 - 
20 Ethyl isovalerate 43.01 ± 2.27B 49.80 ± 4.74A 42.11 ± 2.33B - - - Sweet, fruity: apple 1064.79 1060 
21 2-Pentyl acetate 156.25 ± 8.85C 202.16 ± 9.18B 236.36 ± 2.60A - - - Fruity: apple, banana 1070.14 - 
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No. Volatile 
LIQUOR CHOCOLATE 
Description* KI (exp) KI (lit)+ 
0PS 3PS 7PS 0PS 3PS 7PS 
22 5-Ethyl-2-indolecarboxylate 236.85 ± 50.66A 295.07 ± 38.91A 251.23 ± 31.82A - - - - 1189.85 - 
23 Phenyl ethyl propionate 332.18 ± 6.69B 234.62 ± 12.33C 472.79 ± 21.13A - - - Honey, floral 1768.69 - 
 Total 1814.76 ± 90.58B 1671.19 ± 12.46C 1962.00 ± 27.54A 140.34 ± 7.38b 140.19 ± 2.82b 165.39 ± 7.19a    
 Terpenes and terpenoids          
24 Myrcene 245.96 ± 12.11B 362.02 ± 13.38A 266.15 ± 17.21B 17.13 ± 1.01a 14.23 ± 4.00a 17.32 ± 0.23a Balsam-like, must, spicy 1160.32 1145-1180 
25 Cis-ocimene 348.56 ± 10.40B 404.96 ± 10.14A 369.33 ± 19.04B 38.36 ± 1.76a 32.89 ± 0.37b 30.55 ± 1.03b 
Balsam-like, peppery, 
spicy 
1234.46 1225-1252 
26 Linalool oxide 173.00 ± 9.92A 212.59 ± 11.09A 196.65 ± 60.86A 60.06 ± 2.47a 58.97 ± 21.14a 46.23 ± 7.01a Floral, woody 1459.05 1451-1453 
27 Linalool 361.66 ± 16.98B 445.51 ± 5.07A 420.02 ± 31.18A 181.66 ± 12.65a 170.71 ± 17.75ab 150.43 ± 11.40b Floral, lavender 1526.21 1537 
28 Epoxylinalol 43.82 ± 6.85B 45.57 ± 1.78B 72.54 ± 1.37A 36.13 ± 3.59a 36.79 ± 14.94a 37.00 ± 1.49a Floral 1724.02 1423-1468 
 Total 1173.00 ± 40.16C 1470.65 ± 18.55A 1324.69 ± 78.66B 333.33 ± 14.60a 313.58 ± 28.97ab 281.52 ± 13.47b    
 Aldehydes          
29 Acetaldehyde 21.29 ± 2.69A 13.82 ± 4.03B 21.06 ± 1.39A 6.40 ± 0.44a 4.93 ± 2.77a 8.37 ± 2.66a Pungent, ethereal odor 676.57 714 
30 2-Methybutanal 117.39 ± 7.25B 95.30 ± 6.11C 132.43 ± 1.38A 24.10 ± 2.33a 25.81 ± 2.80a 22.57 ± 0.84a 
Cocoa, chocolate, 
almond 
933.24 864-936 
31 3-Methylbutanal 428.35 ± 36.53A 343.99 ± 22.65B 404.56 ± 1.86A 97.91 ± 12.17a 97.46 ± 8.71a 86.10 ± 3.65a Cocoa, chocolate 935.51 912-936 
32 Benzaldehyde 1084.56 ± 45.37A 985.69 ± 34.22B 654.31 ± 34.35C 91.34 ± 2.84a 83.75 ± 4.14a 57.65 ± 4.30b Almond, burnt sugar 1493.18 1486-1568 
33 Benzeneacetaldehyde 53.08 ± 13.79B 56.99 ± 4.13AB 75.01 ± 6.26A 48.91 ± 1.92a 39.52 ± 12.36a 49.90 ± 2.10a Honey, floral 1600.17 1592-1689 
34 2-Phenyl-2-butenal 491.98 ± 24.52A 189.32 ± 8.20C 238.06 ± 5.13B 305.11 ± 7.82a 103.41 ± 17.16b 120.41 ± 10.29b 
Cocoa, sweet, roasted, 
rum 
1855.89 1896-1972 
35 Methyl phenyl pentenal 36.48 ± 2.55A 44.08 ± 1.83A 36.51 ± 10.32A 22.36 ± 0.99a 26.64 ± 10.57a 20.35 ± 4.11a Sweet chocolate 1866.98 1932 
36 5-Methyl-2-phenyl-2-hexenal 158.44 ± 5.89B 182.45 ± 6.40A 173.02 ± 17.12AB 149.28 ± 29.36a 181.74 ± 117.20a 125.48 ± 34.40a Deep bitter cocoa 1972.58 2083 
37 2-Isopropylbut-2-enal 83.29 ± 3.20A 46.97 ± 4.89B 54.93 ± 4.38B - - - - 1174.10 - 
 Total 2474.85 ± 102.47A 1958.61 ± 47.16B 1789.87 ± 45.13B 745.40 ± 38.17a 563.26 ± 122.59ab 490.84 ± 44.74b    
 Ketones          
38 2-Pentanone 89.42 ± 19.49B 109.33 ± 5.68AB 141.51 ± 34.50A 53.77 ± 3.73a 49.34 ± 4.97a 52.53 ± 2.85a Sweet, fruity: banana 975.32 943-1024 
39 2-Heptanone 88.06 ± 4.58B 125.80 ± 9.33A 116.47 ± 1.43A 15.31 ± 0.62b 15.44 ± 0.59b 17.22 ± 0.79a Fruity, floral 1177.15 1160-1181 
40 3-Hydroxy-2-butanone 823.65 ± 59.51B 466.33 ± 2.65C 1694.56 ± 16.57A 50.02 ± 1.22b 18.96 ± 1.16c 67.87 ± 1.03a 
Butter, cream, yoghurt-
like 
1276.71 1272-1295 
41 1-Hydroxy-2-propanone 178.31 ± 7.97B 197.58 ± 2.14A 193.45 ± 1.43A 24.71 ± 1.90a 22.65 ± 2.06ab 19.51 ± 0.92b - 1289.60 1272-1340 
42 2-Nonanone 38.84 ± 7.21C 191.99 ± 9.20A 82.34 ± 15.38B 23.46 ± 0.50c 32.61 ± 0.35b 36.53 ± 2.89a Hot milk, green, fruity 1383.92 1347-1420 
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No. Volatile 
LIQUOR CHOCOLATE 
Description* KI (exp) KI (lit)+ 
0PS 3PS 7PS 0PS 3PS 7PS 
43 Acetophenone 212.67 ± 2.16C 307.68 ± 9.38B 344.07 ± 28.73A 48.81 ± 3.56b 68.99 ± 4.15a 69.23 ± 1.91a Musty, floral, almond 1609.97 1600-1655 
44 2,3-Pentanedione 31.37 ± 0.47A 31.68 ± 6.54A 22.47 ± 6.17A - - - Bitter, pungent 1055.50 1054 
45 3-Hydroxy-2-pentanone 42.16 ± 1.89B 34.09 ± 2.81C 91.61 ± 3.90A - - - - 1338.31 1338-1368 
46 1-(2-furanyl)-ethanone 36.25 ± 4.48B 32.42 ± 3.48B 76.35 ± 9.54A - - - Coffee-like 1485.78 1457-1536 
 Total 1540.74 ± 49.07B 1496.90 ± 21.71B 2762.84 ± 45.79A 216.07 ± 4.60b 207.99 ± 4.48b 262.88 ± 2.44a    
 Pyrazines          
47 2,6-Dimethylpyrazine 74.74 ± 0.89C 101.91 ± 11.07B 123.51 ± 5.15A 11.64 ± 1.79b 16.06 ± 2.56a 14.07 ± 0.68ab Nutty, coffee, green 1317.05 1300-1370 
48 2-Ethyl-6-methylpyrazine 65.81 ± 4.84A 51.83 ± 3.76A 75.32 ± 33.39A 6.65 ± 1.47a 6.53 ± 2.32a 5.96 ± 1.04a Cocoa, roasted, green 1378.71 1381-1415 
49 Trimethylpyrazine 474.96 ± 32.26B 408.77 ± 13.10C 1499.51 ± 18.38A 79.56 ± 5.03b 64.42 ± 6.67c 159.84 ± 3.86a Cocoa, earthy, roasted 1396.87 1381-1413 
50 2,3-Dimethyl-5-ethylpyrazine 177.17 ± 19.68B 121.12 ± 41.52B 324.70 ± 23.16A 62.63 ± 20.01a 54.34 ± 13.33a 77.59 ± 1.48a 
Cocoa, roasted nuts, 
peanut 
1449.21 1493 
51 Tetramethylpyrazine 753.35 ± 43.78B 385.54 ± 11.35C 4658.96 ± 65.28A 251.26 ± 20.68b 114.95 ± 32.90c 1333.18 ± 26.92a 
Cocoa, chocolate, 
roasted, coffee 
1461.21 1438-1474 
52 Methylpyrazine 46.48 ± 4.52C 101.76 ± 1.70B 139.55 ± 7.41A - - - 
Cocoa, chocolate, 
roasted nuts  
1265.68 1251 
53 2,5-Dimethylpyrazine 156.01 ± 9.50B 244.94 ± 14.42A 170.25 ± 6.82B - - - 
Cocoa, roasted nuts, 
green, rum 
1323.20 1290-1358 
54 2,3-Dimethylpyrazine 178.46 ± 6.54B 187.85 ± 6.60B 530.59 ± 8.85A - - - Caramel, cocoa 1345.60 1315-1344 
55 2-Methyl-6-vinylpyrazine 27.24 ± 2.28C 38.48 ± 4.15B 48.20 ± 3.12A - - - - 1474.46 - 
56 3,5-Diethyl-2-methylpyrazine 53.85 ± 3.95A 22.81 ± 1.24B 40.28 ± 11.82A - - - 
Cocoa, chocolate, 
roasted nut, rum, vegetal  
1483.03 - 
 Total 2008.07 ± 86.03B 1665.01 ± 49.51C 7610.88 ± 86.65A 411.73 ± 39.67b 256.31 ± 41.97c 1590.63 ± 24.73a    
 Furans, furanones and pyrans          
57 2-Pentyl furan 28.92 ± 5.30B 37.10 ± 4.36AB 45.49 ± 6.62A 15.86 ± 1.42a 16.00 ± 1.60a 17.99 ± 0.97a 
Green bean, vegetable, 
metallic 
1230.02 1193-1265 
58 Furfuryl alcohol 262.86 ± 7.33B 273.74 ± 4.89B 461.22 ± 13.32A 42.14 ± 3.72b 47.37 ± 6.11b 70.83 ± 8.50a Mild, oily, burnt odor 1627.12 1614-1686 
59 
2,3-Dihydro-3,5-dihydroxy-6-
methyl-4H-pyran-4-one 
412.65 ± 42.62B 373.62 ± 41.42B 573.27 ± 31.32A 75.73 ± 25.73a 44.68 ± 22.84a 74.61 ± 12.05a Roasted 2110.73 2211 
60 
3-Methyl-2-(2-methyl-2-
butenyl)-furan 
24.00 ± 9.11AB 19.60 ± 1.21B 30.73 ± 2.95A - - - - 1399.47 - 
61 Dihydro-2(3H)-furanone 173.96 ± 9.79A 191.17 ± 3.16A 183.16 ± 10.90A - - - Sweet aromatic, buttery 1591.76 1630 
62 
2,5-Dimethyl-4-hydroxy-3(2H)-
furanone 
57.70 ± 4.30C 64.21 ± 1.11B 136.81 ± 0.98A - - - 
Caramel, fruity: 
strawberry, pineapple 
1949.68 2016-2072 
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No. Volatile 
LIQUOR CHOCOLATE 
Description* KI (exp) KI (lit)+ 
0PS 3PS 7PS 0PS 3PS 7PS 
 Total 960.09 ± 20.35B 959.44 ± 26.40B 1430.68 ± 40.37A 133.73 ± 21.55ab 108.06 ± 13.05b 163.42 ± 9.25a    
 Others          
63 2-Methoxyphenol 68.12 ± 9.21B 60.09 ± 3.26B 123.72 ± 3.86A 13.66 ± 1.05b 6.85 ± 1.40c 27.72 ± 1.46a Smoky, repulsive 1797.88 1848-1883 
64 2-Acetylpyrrole 208.54 ± 8.54B 196.59 ± 8.96B 342.42 ± 15.51A 54.70 ± 1.30b 52.66 ± 5.87b 76.25 ± 4.11a 
Popcorn, roasted, 
caramel 
1889.82 1950 
65 Dimethyldisulfide 44.12 ± 2.75B 31.33 ± 7.46C 59.89 ± 4.70A - - - 
Sulfurous, cabbage, 
gasoline 
1061.10 1044-1105 
66 2-Butene oxide 440.09 ± 18.50B 335.96 ± 10.39B 1951.32 ± 125.85A - - - - 1544.36 - 
67 Benzonitrile 73.50 ± 9.42B 72.98 ± 12.15B 111.41 ± 13.20A - - - - 1571.57 1286 
68 Pantoic lactone  45.14 ± 4.47B 51.60 ± 1.00B 76.54 ± 14.32A - - - - 1941.43 2033 
 Total 879.50 ± 14.24B 748.57 ± 6.62B 2665.29 ± 108.82A 68.36 ± 1.74b 59.51 ± 5.86b 103.97 ± 4.27a    
 Grand total 35289.06 ± 1640.49B 29889.48 ± 181.25C 52550.75 ± 113.41A 8192.08 ± 155.44b 5920.33 ± 386.68c 9773.42 ± 145.14a    
Different alphabets (uppercase: cocoa liquor and lowercase: chocolates) represent significant differences (α = 0.05) among samples. (*) odor description 
from Bonvehi (2005), Afoakwa et al. (2008), Rodriguez-Campos et al. (2012), Tran et al. (2015a,b) and Aprotosoaie et al. (2016). (+) KI (lit) sourced from 
webbook. nist.gov or pherobase.com 
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3.3.2.2.3 Aldehydes and ketones 
Benzaldehyde, a product of phenylalanine, was the most predominant aldehyde identified in the liquors 
with the highest concentration observed in 0PS. There was however a sharp decrease in its concentration 
as PS increased to 7 days. Conversely, 5-methyl-2-phenyl-2-hexenal was the most abundant in the 
chocolates with the highest concentration recorded in 3PS chocolate. This compound is formed through 
the aldol condensation of phenyl acetaldehyde and 3-methylbutanal during roasting of cocoa beans 
(Counet et al., 2002; Ramli et al., 2006). 2-Methylbutanal and 3-methylbutanal are also important 
aliphatic aldehydes that are derived from isoleucine/valine and leucine respectively, through the Strecker 
degradation reaction during roasting (Counet et al., 2002). 2-Methylbutanal was most persistent in 7PS 
liquors, whereas the highest concentration of 3-methylbutanal was measured in both 0PS and 7PS 
liquors. However, for the chocolates, both volatiles occurred in significantly equal (p>0.05) amounts 
with respect to PS. Of the aldehydes, only 2-isopropylbut-2-enal was lost in the chocolates. Meanwhile, 
overall, the concentration of aldehydes decreased with increasing PS duration possibly due to their 
conversion to other products. 
 
As shown in Table 3.3, prolonged PS (7PS) was associated with a significant (p<0.05) increase in the 
total concentration of ketones for both liquors and chocolates. The same was also reported for the total 
free amino acid concentration of the pod stored beans (Hinneh et al., 2018). Three out of the nine ketones 
were either lost or converted into other volatiles during the conching process. However, others like 3-
hydroxy-2-butanone and acetophenone were also present in relatively high amounts with unique trends 
in the chocolates. 
 
3.3.2.2.4 Pyrazines, furans and others 
Pyrazines are an important group of volatiles imparting the typical cocoa, earthy and roasted notes to 
the flavor of the chocolate. From Table 3.3, only five out of the ten identified pyrazines could be found 
in the chocolates. Tetramethylpyrazine which was the most predominant pyrazine in all samples has 
been reported as one of the main components contributing to the aforementioned flavor attributes in 
cocoa/chocolate (Rodriguez-Campos et al., 2012). The highest concentration was recorded in 7PS, 
followed by 0PS, then 3PS. The same observation was also made for trimethylpyrazine as well as the 
total pyrazine concentration in both liquors and chocolates. Among other reasons, the high total 
concentration of free amino acids associated with prolonged PS and the ratio of glucose to fructose 
concentrations as a result of the different PS treatments have been implicated (Hinneh et al., 2018). 
More so, the additional influence of the nib acidity on the enolization stage prior to pyrazine formation 
has also been indicated by Parker (2015). Thereupon, the process is highly promoted under more acidic 
conditions since the protonation of the carbonyl group is known to facilitate the reaction which 
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eventually leads to pyrazine formation. This may also explain why the trend in acidity (pH and TA) also 
corresponds with the observed trend in the total pyrazine concentration (Table 3.2 and 3.3). 
 
Three out of six furans were detected in the chocolates. Of these, 2,3-dihydro-3,5-dihydroxy-6-methyl-
4H-pyran-4-one was the most abundant furan with the highest concentrations in the 7PS liquor, 
although, no significant (p>0.05) difference was seen for the chocolates from the different pod stored 
beans. The highest concentration of total furans in the liquors was recorded in 7PS with no significant 
difference (p>0.05) observed between 0PS and 3PS (Table 3.3). This same trend was also mirrored in 
the chocolates. Other key volatiles such as dimethyldisulfide, 2-methoxyphenol and 2-acetylpyrrole 
were also detected. Apart from 2-methoxyphenol and 2-acetylpyrrole which were also prevalent in the 
7PS chocolate, the other volatiles were completely eliminated from the chocolates through the applied 
conching process. Overall, the prolonged PS duration (7 days) seemed to have enhanced the formation 
of these volatiles in the liquors, and perhaps also the reason for the high concentrations of those volatiles 
which were retained in the chocolates (Table 3.3). 
 
3.3.2.2.5 Diversity of aroma profiles in function of pod storage 
The overall aroma concentration of the chocolates also followed the same trend as in the liquors. As 
seen before, 7PS recorded the highest total concentration. This was followed by 0PS, then 3PS (Table 
3.3). This trend was also mirrored by the pyrazines, ketones, furans, acids, as well as the other 
unclassified volatiles. The same reasons explained earlier can thus be suggested for this general 
observation. From a PCA biplot, the diversity of aroma profiles of the chocolates as influenced by the 
different PS treatments was evident (Fig. 3.1). Interestingly, the same pattern observed from the 
chocolates was also seen for the aroma profiles of the liquors (Fig. A.3.1). From Fig. 3.1, a total of 67% 
of the variability in the data was explained by the first two components (F1 and F2). This biplot revealed 
three distinct clusters representing the three different chocolates from the pod stored beans. Of these, F1 
– which possessed the biggest magnitude – seemed to have separated the samples on the basis of the 
extent of pulp degradation as influenced by the duration of PS.  
 
Aroma volatiles such as 2-methyl propanoic acid, isoamyl acetate, 2-phenyl-2-butenal, cis-ocimene, 2-
pentanol and phenyl ethyl alcohol were highly associated with the 0PS chocolate, whereas others like 
isoamyl alcohol, 2-methylbutanal and methyl acetate were clustered close to the 3PS chocolate. 
Meanwhile, on the far positive side of F1, the 7PS chocolate appeared to have been dominated by more 
volatiles such as benzyl alcohol, 2-acetylpyrrole, 2-heptanone, furfuryl alcohol, 2-methoxyphenol, 
trimethylpyrazine and tetramethylpyrazine. More so, the global positioning of the volatiles also revealed 
their relative abundances and/or presence in the chocolates as previously seen in detail from Table 3.3. 
Hereby, in agreement with the trend in the overall aroma concentration, more volatiles appeared to have 
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been clustered around the 7PS chocolate, followed by 0PS chocolate, whereas the low amount of 
volatiles recorded in the 3PS chocolate may explain its separation from most volatiles in the third 
quadrant with a similar pattern also reflected in the liquors (Fig. A.3.1). 
 
 
Fig. 3.1: PCA biplot showing the impact of different pod storage treatment on the aroma profiles 
of dark chocolates 
 
3.3.2.3 Sensory profiles of dark chocolates 
A spider plot constructed on the basis of the adjusted means of the attribute intensities was used to 
display the extent of the effect of PS on the perception of various flavor attributes in the chocolates (Fig. 
3.2). 7PS chocolate was clearly distinguished from 3PS and 0PS in terms of its cocoa attribute. This is 
logical given the extremely high concentrations of pyrazines such as tetramethylpyrazine, 
trimethylpyrazine and 2,3-dimethyl-5-ethylpyrazine which are majorly known to impart the typical 
cocoa notes to the overall flavor of chocolate (Table 3.3 and Fig. 3.1). Although possibly acting as the 
distinguishing elements, the difference in concentrations of the aforementioned volatiles between 3PS 
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and 0PS chocolates were very small in comparison to that of 7PS chocolate (Table 3.3). This, together 
with the possible competition of other relatively high groups of volatiles in the 0PS chocolate (alcohols, 
aldehydes and terpenes), may be the reason why the panel could not clearly map the observed trend in 
the aroma volatiles to the perception of cocoa in these chocolates. That notwithstanding, the difference 
in the perception of this attribute was barely distinguishable among the 3PS and 0PS chocolates. Apart 
from these, volatiles including 2-methylbutanal, 3-methylbutanal and some pyrazines which are also 
known to impart this attribute were rather found to be common to all the chocolates in terms of their 
concentrations. 
 
Fig. 3.2: Mean attributes showing sensory profiles of dark chocolates as influenced by different 
pod storage treatments (n = 3) 
 
The same trend was seen for the perception of both earthiness and fruitiness by the panelists. Here, both 
0PS and 7PS chocolates recorded the highest intensities although a much clearer difference was seen in 
terms of the latter. Meanwhile, of these attributes, the lowest intensities were detected in the 3PS 
chocolate. The perception of earthiness may also be related to the pyrazines in the chocolates. Apart 
from the cocoa and nutty attributes, most fractions of volatiles belonging to the pyrazine group have 
also been claimed to impart some earthy notes to the flavor of cocoa/chocolates. Of these, 
trimethylpyrazine, tetramethylpyrazine and 2,3-dimethyl-5-ethylpyrazine, among others have been 
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described as also being reminiscent of the earthy flavor notes (Afoakwa, 2016; Aprotosoaie et al., 2016). 
Thus, the abundance of pyrazines in the 7PS chocolate may further explain its heightened perception of 
earthiness. Also, abundant aldehydes in the 0PS chocolate may have partly contributed to this sensation, 
specifically, both acetaldehyde and 2-phenyl-2-butenal considering both their positioning in Fig. 3.1 and 
odor description in Table 3.3. Generally all three chocolates were rated slightly similar in terms of 
nuttiness. This may have been as a result of the contribution of key volatiles such as 2-methylbutanal, 
acetophenone, 2,3-dimethyl-5-ethylpyrazine and 2,6-dimethylpyrazine possessing typical nutty flavor 
notes (Table 3.3). However, the observed trend as seen in the chocolates also coincided with the trend 
for the latter volatile compound, thus, possibly underpinning its distinguishing impact for this attribute. 
 
Both fruity and floral attributes are greatly desired in chocolate and mostly marked as indicators of fine 
flavor cocoa/chocolates. As aforementioned, the 0PS chocolate was rated highest in terms of fruitiness. 
This was followed by 7PS, then 3PS. A similar trend seems to be reflected in the floral attribute, 
however, 7PS and 3PS could not be clearly distinguished from eachother. In respect to these attributes, 
a variety of alcohols (2-pentanol, phenyl ethyl alcohol, isoamyl alcohol, etc.), terpenes (cis-ocimene, 
linalool, etc.) as well as esters (ethyl phenyl acetate, isoamyl benzoate, etc.) have been identified. 
Specifically, the high concentrations of alcohols and terpenes in the 0PS chocolate may have accounted 
for the high perception of these attributes. Meanwhile that of the 7PS chocolate can be attributed to the 
high level of esters also contained in this chocolate. Meanwhile, it can be suggested that the extremely 
low total concentration of alcohols in the 3PS chocolate may have contributed to these low perceptions 
of fruity and floral notes (Table 3.3). More so, acidity as perceived in the chocolates was exactly as 
observed in the cases of the strength of acids (pH), concentration of titratable acids (TA) as well as the 
aroma volatile acids. For these trends, the same explanation can be alluded as earlier indicated (Tables 
3.2 and 3.3). 
 
According to Aprotosoaie et al. (2016), bitterness in cocoa/chocolate is mainly produced by the presence 
of alkaloids (methylxanthines; theobromine, caffeine, theophylline). However, a volatile such as 2-
methoxyphenol can also be implicated due to its intense repulsive smoky odor which occurred in 
different concentrations in unison with the trend for this attribute as perceived by the panelists. Not only 
this, but the extent at which the Maillard reaction may occur has also been greatly correlated with the 
amount of sapid (such as bitter-tasting) compounds which are produced alongside. These include a series 
of 2-(1-pyrrolidinyl)-2-cyclopentenones and cyclopent(b)azepin-8(1H)-ones (Nursten, 2005). Although 
these compounds were not targeted in this study, their presence and amount can however be (in) directly 
predicted based on the degree of roasting by considering the ratio of tetramethylpyrazine (TMP) to 
trimethylpyrazine (TrMP) in accordance with Hashim and Chaveron (1994). Here, TMP:TrMP ratios of 
8.34, 3.16 and 1.78 for 7PS, 0PS and 3PS chocolates respectively (Table 3.3) were obtained, which 
could be indicative of the order of bitterness in the chocolates as rightly confirmed by the panelists. 
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3.4 Conclusions 
The highly comparable chocolate quality attributes revealed the uniform impact of the different 
processing steps applied during the chocolate manufacture. In spite of the corresponding influence of 
PS on the diversities of aroma profiles in both cocoa liquors and their respective chocolates, the liquors 
seemed to contain more aroma volatiles in comparison to those detected and/or quantified in the 
chocolates. This could either be due to a dilution effect by reason of the formulation of the latter or 
attributed to the impact of the conching process. Interestingly, the same trend in chocolate acidity were 
revealed by the study of the strengths of acids, concentrations of titratable acids, concentrations of 
volatile acids and also confirmed by the sensory panel. Hereby, the 7PS chocolate was the most acidic, 
followed by 0PS chocolate and finally, the 3PS chocolate. These differences could be akin to the extent 
of pulp modification on both acid production as well as various aroma precursors in the beans. The latter 
was further revealed by a homologous impact on the other groups of aroma volatiles and further reflected 
in the trends of most attributes as perceived by the expert panel. Overall, the results revealed that no or 
a very short duration of PS may be beneficial for preserving the delicate fruity/floral aroma volatiles 
(terpenes/terpenoids, alcohols, esters, etc.) which may be perceived in the final chocolate. However, 
although some of the aforementioned volatiles may still exist in relatively high concentrations in the 
7PS chocolate, the dominance of other volatiles (acids, pyrazines, furans, etc.) which are also formed in 
consequence of the prolonged PS could possibly suppress the more subtle volatiles. As a result, a more 
intense cocoa, acidic as well as a slightly more bitter chocolate may be obtained. 
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3.5 Supplementary 
 
Fig. A.3.1: PCA biplot showing the impact of different pod storage treatments on the aroma profiles of cocoa liquors 
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Chapter 4 
The influence of fermentation and roasting in function of pod storage on aroma volatile 
formation and sensory aspects of Forastero cocoa beans  
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De Cooman, L., & Dewettinck, K. (2019). The influence of fermentation and roasting in function of pod storage on aroma volatile 
formation and sensory aspects of Forastero cocoa beans. Food Chemistry. 
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Abstract 
The study was conducted to evaluate the impact of fermentation and roasting as influenced by different 
pod storage (PS) duration on flavor development in Forastero cocoa beans. Both PS and fermentation 
were demonstrated to play key roles in the development of the typical brown color of the beans. Also, 
the three different treatments and their interactions significantly influenced the levels of individual as 
well as groups of volatiles quantified in the liquors. A sensory analysis of the liquors from the roasted 
beans further demonstrated the impact of PS and fermentation on the different flavor attributes. This 
study revealed that although adequate roasting – regardless of the fermentation step – may be useful in 
generating cocoa flavor notes, the significance of fermentation for the reduction of astringency and 
bitterness remains crucial on the overall flavor of the liquor. Furthermore, the importance of PS (coupled 
with fermentation and roasting) on flavor diversity was clearly demonstrated. 
 
4.1 Introduction  
Among the known post-harvest/processing steps, the fermentation and roasting of cocoa have been 
marked for their contribution to the flavor quality of cocoa liquor. The former is mainly responsible for 
precursor generation through the metabolism of biomolecules embedded within the cotyledons of the 
beans, whereas, the subsequent transformation of these precursors into different aroma volatiles can be 
linked to the latter (Nursten, 2005; Camu et al. 2008; Dudareva et al., 2013). 
 
Prior to the fermentation process, the cocoa bean is highly astringent and bitter due to the presence of 
polyphenols (catechins, anthocyanins, proanthocyanidins) and alkaloids (caffeine, theobromine, 
theophylline) respectively (Camu et al., 2008; Afoakwa, 2016). It must therefore be adequately 
fermented and dried in order to obtain its desirable cocoa flavor whilst minimizing the aforementioned 
attributes. The fermentation process begins with an inoculation of the sugar and moisture-rich 
mucilaginous pulp with microbes from the environment. This community of microorganisms (mainly 
yeasts, lactic acid and acetic acid bacteria) then incite series of biochemical reactions which result in the 
acidification, heat production, cellular disruption and the eventual death of the beans, thus, making it 
possible for different enzymes and substrates to interact (Afoakwa, 2016). Schwan and Wheals (2004) 
indicated that enzymatic activities occurring during fermentation stimulate a rapid degradation of 
storage carbohydrates and proteins in the cotyledons which generates aroma precursors such as peptides, 
free amino acids and reducing sugars. Moreover, the activities of polyphenol oxidase and glycosidases 
on epicatechin and anthocyanins also lead to the reduction in astringency whilst contributing to 
browning of the beans (Lima et al., 2011). Although, the roasting process is necessary to transform the 
precursors into aroma volatiles, most odor-active alcohols, esters, terpenes and other carbonyl 
compounds are can also be formed during the fermentation stage (Belitz et al., 2004). 
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The Maillard and associated Strecker degradation reactions remain central for aroma volatile formation 
during the roasting process. For instance, the sweet chocolate, caramel and nutty flavor of roasted cocoa 
beans exists as a combination of several Maillard reaction-related volatiles of which pyrazines, 
aldehydes, pyrroles and furans are dominant (Misnawi et al., 2004; Ramli et al., 2006; Hinneh et al., 
2019a). More so, the heating process is also known to contribute to some volatiles such as alcohols, 
esters, thiazoles and phenols via various oxidation/reduction reactions alongside other non-volatile 
components including purines and melanoidins. A complete overview of the Maillard and other thermal 
reactions has been provided in section 1.3.2. Pod storage (PS), a pulp-preconditioning process, is a post-
harvest technique which is gaining interest due to its demonstrated ability to influence the flavor profile 
of cocoa beans. Notably, the technique has been practiced among farmers over the years (especially in 
Ghana) without any knowledge of its implications on the flavor quality of the cocoa. However, recent 
studies have shown that PS can induce certain biochemical reactions within the pod prior to fermentation 
that can have a potential impact on the levels of flavor precursors and aroma volatiles formed from the 
beans (Afoakwa et al., 2012; Hinneh et al., 2018) (also chapters 2 and 3). 
 
In spite of the importance of fermentation and roasting, and the demonstrated influence of PS on the 
flavor of cocoa, knowledge about their interaction on the flavor dynamics in cocoa is still lacking. Thus, 
firstly, by varying these processes, it would be possible to link the origin of specific aroma volatiles or 
flavor attributes to specific processes, thereby establishing their contribution to certain unique flavor 
patterns. Secondly, an investigation of the interaction effects of these parameters would be highly 
relevant in revealing different combinations of the three processes, which can be used to optimize or 
diversify the flavor profiles of cocoa. Among others, the following questions will be targeted: 
 Which specific volatiles can be linked to PS, fermentation and the roasting processes?  
 To what extent does PS contribute to flavor formation compared to fermentation? Thus, is it 
possible to (completely/partially) substitute the fermentation process with PS?  
 To what extent is the flavor affected by the interaction of PS, fermentation and roasting?   
 
4.2 Materials and methods 
4.2.1 Experimental design and sample preparation 
The study was conducted using a 3 × 2 × 2 full factorial design with experimental factors as PS (0, 3, 7 
days), fermentation (Yes, No) and roasting (Yes, No). Ripe cocoa pods (hybrid type Forastero) were 
harvested as described in section 2.2.2. The pods were stored in small heaps (ca 80-100 pods) on the 
farm for the two different PS (3 and 7) days at ambient temperature (28-30 °C) and relative humidity of 
77-85%. However, pods with 0 day PS being the control were obviously not stored. At the end of each 
duration of PS, the pods were opened, and for the samples that were fermented, the beans were gathered 
86 
  
in heaps (ca 45 kg) and covered with fresh banana leaves to begin the spontaneous heap fermentation 
process. This occurred for six days with two turnings at 48 h intervals. Equal drying of all samples was 
carried out under the sun on raised platforms for a duration of ten days. The dried beans were then stored 
in jute bags and air-freighted to Belgium. Whole bean roasting (135 °C for 35 min) was carried out in 
batches of 700 g each in a conventional oven (Termaks, Lien 79, N-5057 Bergen, Norway). First, the 
oven was pre-heated until the set point. The beans were then loaded and evenly spread on the two 
perforated trays of the oven, after which the oven was quickly closed to start the roasting process. After 
roasting, the beans were allowed to cool at room temperature. All the beans were manually deshelled to 
separate the nibs from the shells. The nibs were then ground into liquor using the mini drum of the 
ECGC-12SLTA melanger (CocoaTown, Roswell, USA). For this, a duration of 90 min was needed to 
grind the nibs to obtain the desired fineness; D (v, 0.9) of about 22 μm. The particle size was determined 
using a Malvern Mastersizer according to section 3.2.3.  
 
4.2.2 Quality attributes of cocoa beans 
Fermentation index (FI), bean cut test and acidity (pH and titratable acidity) were analyzed as reported 
by Hinneh et al. (2018) (sections 2.2.4 and 2.2.6). The color components of the different liquors were 
also determined using a Minolta Model CM-2500D spectrophotometer (Konica Minolta Sensing, Inc., 
Osaka, Japan). Only values of the SCE (Specular Component Excluded) were considered as these are 
claimed to be more correlated with observations of the human eye. The color was expressed in terms of 
L* (lightness component), a* (green to red component) and b* (blue to yellow component) from which 
the browning index (BI) was calculated according to the Eqn. 4.1 (Maskan, 2001).  
 BI = 
[100 (𝑥 − 0.31)]
0.17
  where; x = 
(a + 1.75L)
(5.645L + a − 3.012b) 
  (Eqn. 4.1) 
 
4.2.3 Aroma and sensory profiling of cocoa liquors 
Aroma analysis of the cocoa liquors was carried out using HS-SPME-GC-MS as described in section 
2.2.9 whereas sensory evaluation of the liquors was also carried out as described in section 3.2.4. A final 
9-member expert panel (5 females, 4 males) aged between 25-40 years was used for the analysis. Out 
of the 12 samples, only the six roasted samples were tasted due to the excessive bitterness and 
astringency perceived in the unroasted samples (masking other attributes) as observed during pre-
experimental trials. First, the panelist were instructed to rate the intensities of the core attributes (cocoa, 
acidity, astringency and bitterness) on an ordinal scale of 0-5 (0 = absence, 5 = highly perceivable). 
Thereafter, a second test was also carried out on the secondary attributes (roasted, nuttiness, earthiness, 
fruitiness, floral, smokiness and hammy notes), however, here, the panel were only instructed to evaluate 
the presence (Yes = 1) or absence (No = 0) of each attribute as perceived in the different liquors. Three 
87 
  
different sessions (on three different days) were conducted for each analysis. For each session, the 
liquors were served in a random order in identical 20 ml glasses which had been coded with three random 
digits. Prior to the analysis, the samples were pre-heated to 55 °C in order to keep the liquors molten. 
Each sample was served together with a small disposable stirrer which was then used to homogenize the 
liquors, thus, ensuring the even distribution of the fat and the solid phases. Finally, in order to minimize 
carry-over effect, the panelists were provided with unsalted crackers and tap water to neutralize their 
mouth in between the samples. 
 
4.2.4 Statistical analysis  
Results from various bean quality attributes (FI, color, pH, etc.) as well as total headspace concentrations 
of the various groups of aroma volatiles (acids, alcohols, esters, etc.) were subjected to analysis of 
variance (ANOVA) at 5% error rate. Assumptions of normality and equality of variance were tested 
prior to the analysis using Kolmogorov-Smirnov test and Modified Levene’s test, respectively. Where 
assumptions were fulfilled, a post-hoc Tukey’s test was used to investigate significant differences among 
chocolates. However, where assumption was not fulfilled, a non-parametric alternative, Welch was used 
along with Games Howell post-hoc test. ANOVA was performed with Minitab 18 (Minitab Inc, USA). 
Additionally, a general linear model (GLM) was used to explore the impact of the factors (PS, 
fermentation and roasting) and their interactions on the various groups of volatiles. Here, assumptions 
of normality of residuals, linearity of the covariate effect and constancy of the variance were verified 
beforehand. Thereafter, principal component analysis (PCA) was used to visualize the relationships 
among the liquors in terms of their flavor profiles as influenced by the different treatments using 
XLSTAT 2014.5.03 (Addinsoft, USA). Finally, statistical differences among the sensory attributes was 
also investigated using the Friedman’s test. All analyses were carried out in triplicate (as technical 
replicates) unless otherwise stated in a specific procedure. Results have been reported in each table as 
means and standard deviations of the recorded values. In the case of highly reproducible data, the 
calculated standard deviation may be much lower than the acceptable number of decimal places for a 
given parameter - in which case it is rounded off to zero.   
 
4.3 Results and discussion 
4.3.1 Cocoa quality parameters as influenced by pod storage and fermentation 
4.3.1.1 Fermentation index and cut-test 
One of the important biochemical changes occurring in the bean during the fermentation process is the 
oxidation of polyphenols, specifically anthocyanins, which leads to the change in color of the bean. 
Consequently, unfermented, partially fermented and fully fermented cocoa beans can be identified by 
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their slaty (dark grey), purple and brown coloration (Guehi et al., 2010a,b). Thus, for any given 
number/batch of beans, the amount of brownness as against the purple and/or slaty colors can be 
examined to ascertain the extent of fermentation. Conventionally, this can be done 
spectrophotometrically (by calculating the fermentation index) or through the cut test. Additionally in 
this study, the fermentative quality of the beans was also studied using the various instrumental color 
(L*, a*, b*) components. The fermentation index (FI) is simply a ratio of the absorbance of the brown 
to purple components in the cotyledons. Thus, logically, a FI ≥ 1 is required for a well-fermented bean 
(Gourieva and Tserevitinov, 1979). This is clearly depicted in Table 4.1, where all fermented samples 
had FI greater than unity and vice versa. Meanwhile, differences due to PS were also seen. Generally, 
under each fermentation condition, the beans from the unstored pods (0PS) recorded higher FI, possibly 
due to the fact that the pulp (both volume and constituents) were unaltered/intact prior to the 
fermentation process. However, FI was lower for the pod stored samples. Obviously, this is in 
consequence of the modification of the pulp integrity through the associated physical and biochemical 
changes such as pulp volume reduction and respiration of the inherent sugars as previously reported 
(Biehl et al., 1989; Meyer et al., 1989; Hinneh et al., 2018). Notwithstanding, a significant (p<0.05) rise 
in FI from three to seven days of PS could be due to the additional impact of the onset of a fermentation-
like process due to an extensive cellular degradation of the pulp constituents ahead of the actual 
fermentation process as previously observed by Hinneh et al. (2018). This impact of PS, fermentation 
and their interaction was also confirmed by the 2-way anova analysis in Table 4.2.   
 
The fermented samples generally had the highest proportion of brown beans which seems to highlight 
the significance of fermentation for the typical color development in cocoa beans. Among the 
unfermented cocoa beans, the percentage of brown beans increased with PS treatment whereas an 
opposite scenario can be observed in the case of the fermented beans. According to Guehi et al. 
(2010a,b), cocoa beans undergoing fermentation turn pale when the process has been prematurely 
terminated. However, pale purple beans are not defective beans and their presence in a batch does not 
present any serious problem as they tend to change color to brown upon further storage (Takrama et al., 
2006). Thus, with the cut test being a rather subjective test (Lopez and Dimick, 1995), there is often 
difficulty in distinguishing between brown beans and those classified as pale purple, given the fact that 
they are neither completely purple nor completely brown. Therefore, when counted together (both brown 
and pale purple beans), a general trend of increasing potential toward brown color development could 
also be seen with increasing PS treatment (Table 4.1). This could be due to the effect of the pulp 
modification on the fermentative quality during PS, especially, in 7PS – where an extensive modification 
is likened to the onset of a fermentation-like process as suggested (Hinneh et al., 2018). 
 
Obviously, the percentage of deep purple beans was significantly (p<0.05) lower in fermented cocoa 
beans than the unfermented beans. However, in both fermentation conditions, the beans from the 
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unstored pods (0PS) recorded the highest proportion of deep purple beans. According to Afoakwa 
(2016), during fermentation, phenolic compounds from the pigment cells – which are responsible for 
the deep purple color of the bean – are involved in oxidative browning to promote a color change in the 
bean. In relation to this, our results further suggest that this mechanism may have been enhanced by the 
PS treatment, during which the pulp degradation and a possible fermentation-like process may have 
contributed to the loss or degradation of these components prior to the actual fermentation process. 
Suggestively, the hydrolysis of the purple anthocyanins; cyanidin-3-α-L-arabinoside and cyanidin-3-β-
D-galactoside to anthocyanidins along with arabinose and galactose respectively by the action of 
glycosidases (Camu et al. 2008; Lima et al. 2011) may have been enhanced, thereby resulting in less 
deep purple coloration of the pod stored beans. 
 
The percentage of slaty beans was prevalent in the unfermented cocoa beans with the highest percentage 
recorded for 3PS. According to Afoakwa et al. (2011), slaty beans result from under-fermentation of 
cocoa beans which possibly confirms the generally lower FI’s for the unfermented beans and more so, 
for 3PS as earlier explained. Remarkably, defects such as germinated and flat beans were absent in all 
the samples. Afoakwa et al. (2011) pinned the development of moldy beans to the invasion of mold 
species Phytophthora palminovora and Botryodiplodia theobrommae. Although low level of mouldiness 
was observed in some beans, no significant (p>0.05) trend due to the applied treatment was observed. 
 
4.3.1.2 Color 
All color indices appeard to be affected by PS, fermentation and their interaction (Table 4.1 and 4.2) 
although no clear trend was seen for the impact of fermentation alone on the lightness (L*) of the liquors. 
However, the interaction resulted in liquors with significantly (p<0.05) high lightness (Table 4.1). The 
measure of both red (a*) and yellow (b*) components in the liquors increased significantly (p<0.05) 
with fermentation. Under both fermentation conditions, the lowest a* values were recorded in 3PS, 
whereas, a clear pattern was seen where the b* values generally increased with increasing PS, with the 
exception of 3PS (fermented). The latter scenario was again reflected in the overall browning indices 
(BI) of the liquors. According to Palou et al., (1999) and Maskan (2001), the BI – being indicative of 
the purity of brown pigments in the beans – is a key criterion in processes where both enzymatic and 
non-enzymatic browning do occur. Interestingly, the trend in BI was consistent with the cut test results 
showing the degree of polyphenol oxidation in the beans (sum of pale purple and brown beans). Thus, 
our results suggest that both PS and fermentation did indeed contribute to the brown color formation in 
cocoa beans. 
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Table 4.1: Quality parameters of cocoas beans subjected to different pod storage and fermentation conditions [n = 3] 
 UNFERMENTED FERMENTED 
 0PS 3PS 7PS 0PS 3PS 7PS 
Fermentation index (FI) 0.41 ± 0.01D 0.36 ± 0.01E 0.37 ± 0.00E 1.24 ± 0.01A 1.02 ± 0.01C 1.14 ± 0.01B 
Bean cut test (%) 
Brown  9.33 ± 1.89D 14.67 ± 4.11CD 25.33 ± 7.72C 84.67 ± 0.94A 80.00 ± 5.89AB 71.33 ± 7.54B 
Pale purple 23.33 ± 7.72A 16.00 ± 4.32AB 22.67 ± 6.80A 9.33 ± 1.89B 16.67 ± 3.77AB 27.33 ± 6.80A 
Deep purple 20.00 ± 3.27A 10.00 ± 2.83BC 16.67 ± 8.99AB 3.33 ± 0.94CD 0.00 ± 0.00D 0.67 ± 0.94D 
Slaty 47.33 ± 9.29B 59.33 ± 3.77A 34.67 ± 5.25C 0.00 ± 0.00D 1.33 ± 1.89D 0.00 ± 0.00D 
Mouldy 0.00 ± 0.00B 0.00 ± 0.00B 0.67 ± 0.94AB 2.67 ± 1.89A 2.00 ± 1.63AB 0.67 ± 0.94AB 
Germinated 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 
Flat 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 
Color 
L* 14.47 ± 0.21B 13.17 ± 0.06C 14.14 ± 0.61ABC 14.14 ± 0.09B 15.08 ± 0.08A 15.03 ± 0.04A 
a* 6.53 ± 0.18D 5.90 ± 0.04E 6.33 ± 0.17D 11.46 ± 0.05B 10.52 ± 0.04C 12.13 ± 0.04A 
b* 0.45 ± 0.25F 0.72 ± 0.05E 1.88 ± 0.26D 10.05 ± 0.08B 9.43 ± 0.16C 11.67 ± 0.10A 
Browning index (BI) 33.36 ± 2.33E 35.74 ± 0.48E 45.04 ± 4.93D 166.75 ± 3.00B 140.54 ± 3.13C 183.29 ± 1.98A 
Acidity 
pH (20⁰C) 6.22 ± 0.01B 6.36 ± 0.01A 6.16 ± 0.01B 5.53 ± 0.01D 5.72 ± 0.11C 5.49 ± 0.01D 
TA (meq NaOH/g) 2.00 ± 0.04E 1.86 ± 0.01F 2.48 ± 0.04D 4.73 ± 0.04B 4.34 ± 0.04C 5.99 ± 0.03A 
For each row different alphabets indicate significant differences (α = 0.05) among samples 
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Table 4.2: ANOVA showing F-values of quality attributes of cocoa beans 
  
Pod storage (PS) Fermentation (F) PS × F R2 (%) 
Fermentation index (FI) 687.00*** 66057.14*** 321.57*** 99.98 
Bean cut test (%) 
    
 
Brown 0.07 404.12*** 7.74** 97.22  
Pale purple 3.19 0.80 3.08 52.62  
Deep purple 2.64 35.93*** 0.80 78.10  
Slaty 7.71** 297.97*** 6.22* 96.45  
Mouldy 0.33 5.44* 1.44 42.86  
Germinated - - - -  
Flat - - - - 
Color 
     
 
L* 5.90** 55.60*** 33.92*** 84.93  
a* 193.90*** 13384.34*** 62.81*** 99.83  
b* 245.68*** 18435.91*** 23.54*** 99.87  
Browning index (BI) 154.62*** 10761.26*** 74.38*** 99.79 
Acidity 
     
 
pH (20⁰C) 25.63*** 659.34*** 0.50 98.34  
TA (meq NaOH/g) 1557.07*** 28025.51*** 320.97*** 99.96 
Significant F-ratios at *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 
 
4.3.1.3 Acidity (pH and TA) 
The acidity of cocoa beans plays a crucial role in both flavor precursor formation and sensory perception 
of cocoa. In this study, it was assessed by determining the pH and titratable acidity (TA) of the liquors 
made from the beans. During fermentation of cocoa beans, various microorganisms breakdown the 
inherent sugars in the pulp to produce, among others, acetic acid (from alcohols) and lactic acid. These 
acids then diffuse into the beans to induce other important biochemical reactions following the bean 
death. As a result, fermented cocoa beans are expected to be more acidic (lower pH and higher TA) than 
unfermented beans as seen from Table 4.1. Not only this, but the additional impact of PS was also seen 
under both fermentation conditions (Table 4.2). In agreement with our previous findings (Hinneh et al., 
2018), the acidity decreased between 0 to 3 days of PS, however, this increased concomitantly from 3 
to 7 days of PS. It has been suggested that the loss of moisture and the respiration of the inherent sugars 
leading to a general reduction in pulp volume during the initial stage of PS may be responsible for the 
significant (p<0.05) reduction in acidity of the beans between 0PS and 3PS. However, the significant 
(p<0.05) rise in acidity as PS increased from 3 to 7 days can be attributed to the extensive degradation 
of the pulp constituents which we previously described as a kind of a fermentation-like process 
associated with prolonged PS. During this stage, the beans were found to be soaked in the sweatings 
(produced from the breakdown of pectin alongside the degradation of the pulp) and enclosed within the 
pod for the entire duration of the PS treatment. Thus, the proposed diffusion of more organic acids 
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(together with moisture and flavor precursors) into the beans may explain the decrease in pH and the 
concomitant increase in the concentration of titratable acids in the beans of 7PS (Table 4.1). 
 
4.3.2 Aroma profiles of cocoa liquors as influenced by pod storage, fermentation and 
roasting 
A total of volatiles ranging from 53 to 97 were identified in the cocoa liquors with different treatments. 
From Table 4.3, the impact of fermentation and roasting on respectively aroma development and release 
are exemplified. Clearly, both processes were important for aroma volatile formation. Although in most 
cases the same number of volatiles were quantified, differences in the occurrence and/or concentrations 
of specific volatiles due to the different PS treatments were also observed. Details on the aroma 
dynamics in function of the different treatments can be seen in Table 4.3 and 4.4, and Fig. 4.1, 4.2 and 
4.3. 
 
4.3.2.1 Volatile acids 
Table 4.3 reveals significant (p<0.05) impact of all factors (PS, fermentation and roasting) as well as 
the interaction effects of PS with fermentation and fermentation with roasting on the total concentration 
of volatile acids identified in the liquors. Similar to the trend in pH and TA, 7PS was generally associated 
with high concentration of volatile acids. This was followed by 0PS and then 3PS liquor. The reason for 
this is as explained earlier. Meanwhile, from Table 4.4, a greater influence of nib acidification could be 
associated with the fermentation process. This was consistent with several expectations from literature 
where the formation of various acids have been explained in relation to the fermentation process. Chief 
of these is the acetic acid which is formed from ethanol through the activity of acetic acid bacteria largely 
during the aerobic phase of the process (Afoakwa, 2016). Once formed, these acids journey into the 
beans through the micropyle of the bean, thus, resulting in its acidification (Kadow et al., 2013). 
Conversely, the roasting process had a decreasing effect on the total concentration of acids in the liquors, 
although, significant differences among the liquors were clearly seen for the fermented samples. Among 
other things, the suspected volatilization of acids as a result of the heating effect during the roasting 
process has been acclaimed to be responsible for this observation (Ganvogl et al., 2006). However, this 
must not be misconstrued given the several other possible factors which could influence these dynamics. 
Of these, the type and duration of roasting (whole bean, nib or liquor roasting), the effect of barrier 
properties of the bean shell (if any) and the intensity of heat applied may all determine whether/not the 
acids may be volatized, liberated from the matrix or instead preserved. It is also possible that the acids 
may have been involved in other chemical processes leading to the formation of other volatile 
compounds. 
93 
  
Table 4.3: Concentrations (ng/g) of aroma volatiles identified in cocoa beans of different pod storage, fermentation and roasting conditions [n = 3] 
No. Volatile 
UNROASTED ROASTED 
KI UNFERMENTED FERMENTED UNFERMENTED FERMENTED 
0PS 3PS 7PS 0PS 3PS 7PS 0PS 3PS 7PS 0PS 3PS 7PS 
 Acids              
1 Acetic acid 
21966.05 ± 
2368.87 
11487.31 ± 
2639.63 
19680.41 ± 
3442.91 
32130.12 ± 
3839.52 
25992.40 ± 
1400.57 
43781.06 ± 
6302.87 
18402.39 ± 
2651.30 
9721.33 ± 
986.62 
12877.66 ± 
591.46 
23811.47 ± 
3367.52 
17110.80 ± 
155.78 
33458.53 ± 
3748.54 
1445.08 
2 Propanoic acid - - - 
57.86 ± 
19.96 
56.75 ± 
8.53 
145.58 ± 
17.77 
- 
1991.07 ± 
219.25 
1519.59 ± 
87.33 
- - - 1537.39 
3 Isobutyric acid 
112.76 ± 
19.59 
310.63 ± 
74.90 
344.17 ± 
62.24 
2829.08 ± 
237.35 
2300.98 ± 
160.31 
3468.54 ± 
467.24 
- - - 
1371.69 ± 
183.54 
1429.49 ± 
31.78 
1870.81 ± 
206.36 
1563.20 
4 Butanoic acid 
33.11 ± 
12.77 
22.91 ± 
4.50 
45.76 ± 
14.90 
158.99 ± 
19.88 
92.75 ± 
11.24 
310.05 ± 
46.41 
- - - - - - 1617.65 
5 Isovaleric acid 
395.44 ± 
27.09 
611.30 ± 
117.50 
740.73 ± 
106.51 
6009.70 ± 
302.82 
4844.43 ± 
373.16 
6362.08 ± 
744.62 
900.26 ± 
141.64 
1303.60 ± 
104.97 
1519.84 ± 
110.57 
5912.47 ± 
721.67 
5693.72 ± 
98.73 
6302.22 ± 
728.99 
1646.74 
6 Hexanoic acid - - - - - - - - - 
128.86 ± 
9.15 
112.94 ± 
11.41 
255.43 ± 
9.26 
1793.64 
 Total 
22507.36 ± 
2418.99EF 
12432.15 ± 
2836.08G 
20811.08 ± 
3626.27EF 
41185.75 ± 
4418.85B 
33287.32 ± 
1897.99C 
54067.31 ± 
7577.03A 
19302.65 ± 
2792.70EFG 
13015.99 ± 
1303.39G 
15917.08 ± 
787.71FG 
31224.49 ± 
4278.92CD 
24346.95 ± 
249.83DE 
41887.00 ± 
4692.41B 
 
 Alcohols              
7 Ethanol 
251.61 ± 
47.68 
288.45 ± 
65.76 
227.97 ± 
36.99 
- - - 
110.88 ± 
13.79 
138.71 ± 
7.66 
75.43 ± 
3.44 
- - - 944.22 
8 2-Methyl-3-buten-2-ol 
20.00 ± 
3.77 
25.26 ± 
2.05 
154.38 ± 
16.95 
24.60 ± 
1.03 
35.88 ± 
1.92 
54.61 ± 
4.14 
- - - - - - 1040.30 
9 Isobutyl alcohol 
84.12 ± 
15.64 
62.87 ± 
7.87 
108.20 ± 
14.50 
17.89 ± 
0.62 
21.31 ± 
0.76 
14.24 ± 
1.90 
38.19 ± 
5.34 
27.16 ± 
3.64 
20.66 ± 
0.90 
- - - 1095.06 
10 2-Pentanol 
861.35 ± 
104.91 
1678.83 ± 
189.45 
3199.38 ± 
517.62 
283.72 ± 
32.53 
523.74 ± 
39.24 
451.20 ± 
49.75 
398.08 ± 
57.04 
864.50 ± 
78.50 
610.26 ± 
40.81 
75.05 ± 
13.51 
144.62 ± 
6.34 
92.50 ± 
9.70 
1126.72 
11 Butanol 
25.28 ± 
4.39 
26.93 ± 
6.54 
27.64 ± 
5.97 
- - - - - - - - - 1151.79 
12 Isoamyl alcohol 
713.82 ± 
97.73 
696.98 ± 
71.47 
928.71 ± 
103.09 
450.03 ± 
30.90 
402.58 ± 
25.74 
298.19 ± 
29.03 
414.25 ± 
68.10 
468.35 ± 
37.63 
212.41 ± 
8.85 
112.77 ± 
15.24 
170.18 ± 
5.17 
68.97 ± 
5.37 
1219.94 
13 4-Methyl-2-pentanol - - - - - - 9.94 ± 1.89 
36.04 ± 
3.35 
18.04 ± 
1.79 
- - - 1235.76 
14 1,2-Propanediol - - - 
39.49 ± 
2.94 
31.08 ± 
2.10 
56.78 ± 
14.33 
- - - - - - 1329.33 
15 2-Heptanol 
114.27 ± 
15.35 
424.32 ± 
63.48 
226.10 ± 
20.91 
217.96 ± 
12.36 
299.80 ± 
17.74 
240.17 ± 
35.66 
- - - - - - 1337.55 
16 3-Ethoxy-1-propanol - - - - - - 
94.81 ± 
13.34 
11.75 ± 
1.77 
5.47 ± 0.53 - - - 1388.54 
17 2-Nonanol 
10.08 ± 
1.39 
31.40 ± 
4.45 
64.39 ± 
3.77 
44.49 ± 
1.92 
67.47 ± 
4.77 
91.94 ± 
9.59 
28.42 ± 
2.94 
61.70 ± 
4.80 
37.87 ± 
1.62 
111.44 ± 
11.56 
106.30 ± 
2.73 
195.88 ± 
15.29 
1522.85 
18 1,3-Butanediol 
2125.66 ± 
194.47 
1748.72 ± 
309.13 
1516.14 ± 
214.13 
2609.67 ± 
180.43 
2151.62 ± 
148.55 
3569.89 ± 
442.10 
2484.64 ± 
389.77 
1918.50 ± 
200.32 
1352.45 ± 
68.55 
1509.22 ± 
187.15 
1605.23 ± 
17.42 
2541.07 ± 
339.29 
1573.19 
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No. Volatile 
UNROASTED ROASTED 
KI UNFERMENTED FERMENTED UNFERMENTED FERMENTED 
0PS 3PS 7PS 0PS 3PS 7PS 0PS 3PS 7PS 0PS 3PS 7PS 
19 2,3-Butanediol 
2480.40 ± 
235.37 
2062.81 ± 
391.16 
2094.47 ± 
318.07 
5295.90 ± 
362.42 
4596.10 ± 
341.25 
12497.86 ± 
1619.76 
2614.34 ± 
420.79 
613.55 ± 
21.84 
773.89 ± 
36.60 
3189.68 ± 
346.87 
3155.46 ± 
15.38 
8607.62 ± 
1087.63 
1541.04 
20 Octanol 
26.15 ± 
4.57 
16.02 ± 
3.31 
23.67 ± 
8.75 
24.85 ± 
16.37 
21.49 ± 
5.96 
44.63 ± 
25.79 
- - - - - - 1556.06 
21 Geraniol - - - - - - - - - 
28.18 ± 
1.97 
23.32 ± 
0.55 
33.49 ± 
1.53 
1786.62 
22 Benzenemethanol 
79.18 ± 
10.25 
76.42 ± 
17.96 
74.14 ± 
4.61 
137.50 ± 
2.29 
123.21 ± 
8.77 
168.08 ± 
18.87 
123.09 ± 
15.81 
109.20 ± 
5.74 
116.09 ± 
6.34 
207.22 ± 
17.27 
190.27 ± 
10.18 
235.93 ± 
18.06 
1804.80 
23 Benzeneethanol 
2256.08 ± 
313.21 
1460.85 ± 
230.16 
1338.37 ± 
43.40 
2855.99 ± 
115.66 
1539.77 ± 
88.93 
2290.92 ± 
160.17 
5387.56 ± 
515.32 
3442.05 ± 
183.74 
2645.90 ± 
138.83 
3596.26 ± 
222.53 
3095.13 ± 
152.17 
3730.61 ± 
288.06 
1830.30 
24 
4-Methyl-5-
thiazoleethanol 
- - - - - - 
16.70 ± 
5.13 
15.79 ± 
2.59 
15.24 ± 
2.38 
19.73 ± 
3.06 
22.33 ± 
3.26 
29.76 ± 
1.04 
2087.84 
 Total 
9047.98 ± 
1006.41D 
8599.86 ± 
1333.88D 
9983.55 ± 
1299.84CD 
12002.10 ± 
617.00C 
9814.06 ± 
670.78CD 
19778.52 ± 
2401.78A 
11720.90 ± 
1462.63C 
7707.29 ± 
392.81DE 
5883.71 ± 
294.51E 
8849.55 ± 
807.91D 
8512.84 ± 
184.51D 
15535.83 ± 
1729.46B 
 
 Esters              
25 Methyl acetate 
1154.24 ± 
490.06 
962.19 ± 
134.28 
1404.36 ± 
376.62 
920.74 ± 
132.77 
848.91 ± 
157.91 
916.73 ± 
67.19 
305.53 ± 
86.57 
143.89 ± 
31.02 
191.41 ± 
48.94 
109.21 ± 
16.68 
107.23 ± 
23.46 
80.24 ± 
10.93 
894.68 
26 Ethyl acetate 
610.26 ± 
134.63 
284.04 ± 
51.51 
395.12 ± 
88.77 
- - - 
222.30 ± 
18.76 
118.57 ± 
6.68 
99.99 ± 
3.50 
- - - 914.61 
27 Isobutyl acetate 
47.72 ± 
6.29 
36.99 ± 
9.31 
49.99 ± 
9.05 
16.55 ± 
1.64 
21.95 ± 
3.76 
26.01 ± 
4.56 
- - - - - - 1006.06 
28 
Ethyl-2-
methylbutanoate 
19.99 ± 
1.44 
88.73 ± 
8.44 
86.43 ± 
11.34 
21.00 ± 
1.87 
33.60 ± 
1.52 
37.54 ± 
5.68 
26.67 ± 
4.79 
88.67 ± 
8.36 
31.63 ± 
3.02 
10.46 ± 
2.45 
24.50 ± 
1.24 
12.76 ± 
0.86 
1045.72 
29 
Ethyl-3-
methylbutanoate 
17.39 ± 
2.09 
65.00 ± 
6.79 
49.65 ± 
6.11 
57.19 ± 
3.47 
82.79 ± 
8.04 
74.81 ± 
12.36 
18.81 ± 
2.86 
63.50 ± 
5.75 
23.33 ± 
2.31 
36.22 ± 
3.71 
63.46 ± 
4.05 
33.04 ± 
3.03 
1062.08 
30 2-Pentyl acetate 
103.19 ± 
9.45 
170.50 ± 
16.88 
376.57 ± 
43.19 
114.44 ± 
6.39 
224.56 ± 
18.19 
380.00 ± 
59.80 
215.79 ± 
37.17 
245.40 ± 
20.70 
247.80 ± 
14.54 
51.73 ± 
9.26 
135.64 ± 
8.73 
119.71 ± 
11.39 
1067.82 
31 Isoamyl acetate 
831.43 ± 
66.36 
552.56 ± 
62.16 
1009.34 ± 
100.73 
826.08 ± 
47.96 
859.15 ± 
73.04 
959.41 ± 
110.10 
1606.68 ± 
272.89 
855.91 ± 
69.55 
780.87 ± 
50.96 
561.25 ± 
84.05 
741.39 ± 
29.62 
539.64 ± 
49.37 
1120.36 
32 Isoamyl propionate - - - - - - 
20.11 ± 
5.07 
- - - - - 1194.05 
33 Isoamyl isobutyrate - - - - - - 
11.76 ± 
2.07 
15.61 ± 
0.56 
28.54 ± 
1.02 
46.51 ± 
3.05 
56.53 ± 
4.73 
40.14 ± 
4.82 
1199.19 
34 2-Heptyl acetate - - - - - - 
73.05 ± 
10.06 
44.79 ± 
1.36 
50.45 ± 
3.43 
102.32 ± 
8.25 
103.30 ± 
7.13 
150.07 ± 
13.53 
1273.28 
35 
Isoamyl-3-methyl-
butanoate 
- - - - - - 7.49 ± 1.01 8.26 ± 0.69 7.95 ± 0.57 
13.94 ± 
0.81 
14.01 ± 
2.08 
14.02 ± 
2.62 
1287.10 
36 Ethyl octanoate - - - - - - 
88.16 ± 
8.52 
28.18 ± 
4.84 
22.90 ± 
4.47 
189.99 ± 
15.62 
189.64 ± 
8.68 
250.00 ± 
23.23 
1441.37 
37 Ethyl isobutanoate - - - - - - 
72.68 ± 
15.70 
16.00 ± 
1.99 
16.79 ± 
2.13 
147.91 ± 
17.71 
109.41 ± 
1.97 
425.63 ± 
33.59 
1597.03 
38 Methyl phenyl acetate - - - - - - 
24.36 ± 
3.17 
18.11 ± 
0.91 
21.03 ± 
2.19 
- - - 1713.64 
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No. Volatile 
UNROASTED ROASTED 
KI UNFERMENTED FERMENTED UNFERMENTED FERMENTED 
0PS 3PS 7PS 0PS 3PS 7PS 0PS 3PS 7PS 0PS 3PS 7PS 
39 4-Ethyl phenyl acetate 
63.46 ± 
12.60 
63.41 ± 
12.19 
56.12 ± 
3.95 
84.24 ± 
6.89 
72.75 ± 
7.89 
132.13 ± 
9.07 
111.54 ± 
8.93 
101.28 ± 
3.86 
95.35 ± 
5.43 
122.01 ± 
7.49 
143.80 ± 
6.91 
251.97 ± 
17.17 
1734.48 
40 2-Phenyl ethyl acetate 
278.38 ± 
35.22 
155.15 ± 
24.45 
168.83 ± 
9.04 
294.37 ± 
11.26 
220.92 ± 
24.56 
449.36 ± 
37.74 
625.18 ± 
45.37 
306.20 ± 
19.27 
353.78 ± 
18.10 
407.51 ± 
46.07 
402.74 ± 
16.92 
816.28 ± 
72.23 
1757.06 
41 Butyl benzoate 
36.37 ± 
6.79 
73.66 ± 
12.84 
75.52 ± 
4.12 
102.74 ± 
2.76 
135.97 ± 
13.46 
143.97 ± 
21.46 
59.86 ± 
4.27 
107.07 ± 
5.89 
112.80 ± 
8.22 
226.02 ± 
7.21 
242.20 ± 
34.57 
279.34 ± 
17.35 
1774.40 
 Total 
3162.44 ± 
751.02AB 
2452.24 ± 
230.02BCDE 
3671.93 ± 
530.04A 
2437.37 ± 
125.39CDE 
2500.60 ± 
304.27BCDE 
3119.97 ± 
298.96ABC 
3489.97 ± 
486.64A 
2161.44 ± 
143.31E 
2084.60 ± 
103.39E 
2025.08 ± 
172.61E 
2333.85 ± 
95.55DE 
3012.83 ± 
237.42ABCD 
 
 Terpenes and terpenoids             
42 Myrcene 
195.54 ± 
29.01 
403.84 ± 
54.36 
838.15 ± 
29.37 
380.13 ± 
18.00 
349.93 ± 
35.90 
502.31 ± 
25.33 
384.48 ± 
59.36 
485.41 ± 
38.66 
585.25 ± 
42.73 
580.46 ± 
72.79 
903.95 ± 
19.43 
474.39 ± 
33.38 
1164.24 
43 Limonene 
86.48 ± 
15.93 
33.38 ± 
8.96 
22.59 ± 
1.75 
38.01 ± 
2.72 
30.95 ± 
2.93 
51.84 ± 
2.67 
23.71 ± 
3.54 
27.68 ± 
1.94 
31.31 ± 
0.82 
58.19 ± 
4.36 
36.39 ± 
1.27 
36.00 ± 
3.05 
1195.45 
44 Cis-ocimene 
174.49 ± 
23.31 
324.75 ± 
36.73 
644.48 ± 
19.85 
321.72 ± 
9.76 
324.05 ± 
38.61 
444.31 ± 
27.30 
453.35 ± 
65.66 
403.68 ± 
21.24 
531.55 ± 
43.56 
560.28 ± 
58.27 
867.14 ± 
16.38 
487.65 ± 
42.93 
1241.10 
45 Trans-ocimene - 
50.70 ± 
6.54 
84.66 ± 
3.89 
27.41 ± 
6.16 
45.38 ± 
9.31 
41.42 ± 
4.17 
- - - - - - 1257.72 
46 Alloocimene 
26.38 ± 
3.72 
55.67 ± 
10.12 
104.09 ± 
7.36 
57.20 ± 
4.64 
42.97 ± 
2.64 
51.48 ± 
5.29 
68.12 ± 
8.62 
63.03 ± 
5.01 
86.46 ± 
6.49 
176.75 ± 
18.28 
204.23 ± 
5.75 
129.03 ± 
15.80 
1379.06 
47 Linalool oxide 
62.79 ± 
7.82 
82.18 ± 
17.96 
123.79 ± 
13.10 
315.94 ± 
15.02 
294.61 ± 
21.44 
330.81 ± 
52.99 
156.10 ± 
44.60 
118.97 ± 
8.05 
193.95 ± 
10.22 
493.20 ± 
47.22 
516.26 ± 
11.39 
422.56 ± 
56.79 
1474.46 
48 Linalool 
292.02 ± 
34.75 
483.96 ± 
69.47 
784.52 ± 
65.82 
625.67 ± 
29.26 
649.69 ± 
62.32 
704.86 ± 
92.59 
593.68 ± 
55.61 
200.17 ± 
14.34 
258.63 ± 
14.20 
808.52 ± 
76.96 
1253.05 ± 
31.14 
1169.45 ± 
90.63 
1545.49 
49 Alpha-terpinolene - - - - - - - - - 
27.47 ± 
2.63 
26.19 ± 
0.98 
67.85 ± 
9.43 
1668.52 
50 Epoxylinalool - - - 
97.75 ± 
1.10 
74.60 ± 
4.21 
135.97 ± 
16.66 
53.27 ± 
14.08 
31.63 ± 
1.71 
39.74 ± 
3.67 
203.86 ± 
16.45 
186.63 ± 
10.19 
289.90 ± 
15.63 
1721.57 
 Total 
837.71 ± 
114.16H 
1434.49 ± 
191.16FG 
2602.29 ± 
134.80CD 
1863.83 ± 
43.58E 
1812.18 ± 
162.44E 
2263.01 ± 
224.04D 
1732.71 ± 
241.98EF 
1330.58 ± 
87.63G 
1726.89 ± 
119.53EF 
2908.71 ± 
294.15BC 
3993.83 ± 
91.08A 
3076.82 ± 
261.76B 
 
 Aldehydes              
51 Isobutanal - - - 
26.98 ± 
2.90 
23.46 ± 
3.24 
27.97 ± 
3.07 
21.72 ± 
4.82 
16.77 ± 
1.00 
16.29 ± 
2.75 
79.59 ± 
18.69 
77.11 ± 
14.45 
54.74 ± 
6.57 
889.97 
52 2-Methylbutanal 
50.01 ± 
15.18 
28.98 ± 
4.11 
65.71 ± 
8.15 
82.19 ± 
4.96 
68.51 ± 
5.72 
82.76 ± 
3.69 
48.79 ± 
8.32 
34.76 ± 
3.48 
40.67 ± 
1.34 
109.27 ± 
12.99 
109.77 ± 
1.44 
82.86 ± 
9.34 
926.20 
53 3-Methylbutanal 
39.66 ± 
12.88 
28.52 ± 
5.49 
49.85 ± 
6.36 
189.28 ± 
7.16 
137.53 ± 
11.92 
132.27 ± 
2.97 
89.16 ± 
14.72 
58.54 ± 
5.51 
98.27 ± 
6.63 
567.02 ± 
76.58 
581.44 ± 
11.77 
418.57 ± 
46.28 
928.71 
54 Hexanal 
44.09 ± 
9.89 
47.22 ± 
8.73 
52.80 ± 
6.69 
32.71 ± 
0.07 
52.16 ± 
9.27 
- 
48.02 ± 
9.14 
64.15 ± 
7.29 
60.57 ± 
6.32 
46.86 ± 
8.79 
59.75 ± 
1.90 
35.66 ± 
5.08 
1072.59 
55 Heptanal 
16.19 ± 
3.57 
- - - - - 
51.63 ± 
16.90 
40.63 ± 
6.98 
36.38 ± 
2.01 
68.00 ± 
16.50 
91.22 ± 
18.95 
57.35 ± 
16.68 
1185.37 
56 Octanal - - - - - - 
41.27 ± 
8.87 
45.68 ± 
11.84 
27.97 ± 
1.66 
57.30 ± 
10.24 
56.47 ± 
11.82 
86.45 ± 
11.82 
1295.55 
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No. Volatile 
UNROASTED ROASTED 
KI UNFERMENTED FERMENTED UNFERMENTED FERMENTED 
0PS 3PS 7PS 0PS 3PS 7PS 0PS 3PS 7PS 0PS 3PS 7PS 
57 
5-Methyl-2-isopropyl-2-
hexenal 
- - - - - - - - - 
179.26 ± 
15.73 
184.53 ± 
1.56 
267.94 ± 
38.79 
1364.82 
58 Nonanal 
95.37 ± 
22.90 
120.38 ± 
24.32 
158.28 ± 
37.08 
91.90 ± 
33.67 
114.11 ± 
31.68 
152.41 ± 
66.68 
- - - - - - 1399.17 
59 Benzaldehyde 
236.64 ± 
75.57 
210.42 ± 
46.75 
277.61 ± 
49.36 
1441.47 ± 
35.96 
1131.96 ± 
74.76 
1279.18 ± 
109.65 
376.47 ± 
75.31 
269.11 ± 
22.48 
403.16 ± 
50.16 
2294.49 ± 
262.03 
2156.01 ± 
40.69 
2507.10 ± 
249.57 
1513.54 
60 Phenyl acetaldehyde - - 
22.01 ± 
4.43 
37.24 ± 
6.71 
31.24 ± 
7.40 
20.72 ± 
4.17 
312.36 ± 
43.95 
239.85 ± 
21.19 
281.42 ± 
18.62 
945.95 ± 
118.52 
996.38 ± 
72.03 
930.14 ± 
45.32 
1616.36 
61 
3,4-Dimethyl 
benzaldehyde 
77.91 ± 
13.66 
54.45 ± 
18.17 
77.74 ± 
2.64 
84.81 ± 
2.79 
67.84 ± 
9.61 
71.88 ± 
15.93 
- - - - - - 1749.27 
62 2-Phenyl-2-butenal 
12.24 ± 
1.62 
9.57 ± 2.44 
11.65 ± 
1.75 
104.71 ± 
4.93 
29.08 ± 
1.89 
34.99 ± 
1.43 
67.25 ± 
8.27 
36.39 ± 
9.72 
62.41 ± 
9.42 
597.04 ± 
16.35 
476.61 ± 
36.82 
687.11 ± 
46.85 
1839.81 
63 
4-Methyl-2-phenyl-2-
pentenal 
- - - 
10.68 ± 
0.38 
8.39 ± 0.93 9.90 ± 2.48 - - - 
79.67 ± 
3.33 
87.16 ± 
13.32 
80.26 ± 
5.84 
1848.06 
64 
5-Methyl-2-phenyl-2-
hexenal 
- - - 
19.20 ± 
2.17 
16.59 ± 
3.05 
27.45 ± 
20.29 
20.85 ± 
7.67 
11.88 ± 
1.72 
27.92 ± 
6.03 
262.62 ± 
24.86 
344.45 ± 
68.26 
312.89 ± 
29.43 
1941.08 
 Total 
572.10 ± 
56.03D 
499.55 ± 
96.03D 
715.64 ± 
90.69CD 
2121.16 ± 
46.28B 
1680.86 ± 
125.24B 
1839.53 ± 
215.40B 
1077.52 ± 
191.76C 
817.76 ± 
56.30CD 
1055.08 ± 
99.24C 
5287.06 ± 
509.00A 
5220.91 ± 
228.93A 
5521.06 ± 
436.27A 
 
 Ketones              
65 Acetone - - - - - - 
893.99 ± 
585.16 
277.33 ± 
218.66 
721.92 ± 
477.83 
249.02 ± 
226.37 
254.96 ± 
228.46 
75.08 ± 
15.18 
891.03 
66 2-Butanone - - - - - - 
27.51 ± 
0.42 
12.26 ± 
2.08 
12.41 ± 
2.59 
36.19 ± 
6.16 
34.99 ± 
4.48 
38.24 ± 
1.52 
920.29 
67 2-Pentanone 
271.68 ± 
50.13 
639.99 ± 
53.19 
1095.71 ± 
158.19 
28.19 ± 
7.25 
83.63 ± 
5.10 
110.76 ± 
8.25 
174.86 ± 
17.24 
461.15 ± 
24.82 
328.81 ± 
27.83 
28.68 ± 
8.89 
26.83 ± 
0.29 
24.46 ± 
3.18 
972.86 
68 2,3-Butanedione 
204.14 ± 
33.75 
309.39 ± 
51.96 
447.01 ± 
100.94 
327.64 ± 
54.12 
239.70 ± 
17.14 
568.79 ± 
54.03 
56.04 ± 
2.21 
83.79 ± 
9.09 
83.03 ± 
3.06 
75.53 ± 
14.72 
83.91 ± 
2.97 
189.55 ± 
20.15 
974.03 
69 2,3-Pentanedione - - - - - - 
23.15 ± 
2.52 
20.05 ± 
2.82 
19.44 ± 
2.11 
49.73 ± 
7.77 
52.04 ± 
3.27 
29.30 ± 
3.90 
1053.77 
70 2-Heptanone 
18.02 ± 
3.51 
102.44 ± 
15.07 
93.62 ± 
8.01 
118.50 ± 
3.56 
146.20 ± 
2.15 
204.38 ± 
28.16 
83.09 ± 
11.71 
179.82 ± 
15.01 
95.68 ± 
8.23 
126.81 ± 
15.48 
220.64 ± 
7.07 
163.67 ± 
12.08 
1182.88 
71 3-hydroxybutan-2-one 
494.10 ± 
51.13 
416.67 ± 
92.91 
456.05 ± 
83.43 
1447.94 ± 
154.12 
962.59 ± 
45.62 
2870.52 ± 
405.87 
351.89 ± 
52.04 
260.48 ± 
26.42 
228.74 ± 
9.47 
953.07 ± 
120.62 
900.48 ± 
11.98 
2590.62 ± 
312.06 
1290.10 
72 1-Hydroxy-2-propanone - - - - - - 
144.67 ± 
20.57 
139.00 ± 
23.31 
146.84 ± 
7.37 
442.76 ± 
55.25 
485.23 ± 
7.74 
374.66 ± 
45.32 
1304.52 
73 2-Nonanone 
31.33 ± 
6.55 
78.91 ± 
11.16 
376.66 ± 
16.95 
106.34 ± 
4.48 
117.72 ± 
7.05 
115.30 ± 
9.32 
98.88 ± 
9.11 
126.25 ± 
5.67 
129.60 ± 
8.54 
215.24 ± 
24.94 
243.20 ± 
5.43 
274.98 ± 
32.76 
1395.60 
74 3-Nonen-2-one - - - - - - - - - 
25.40 ± 
6.21 
29.65 ± 
2.09 
18.93 ± 
1.54 
1507.72 
75 
3-Methyl-2-cyclohexen-
1-one 
- - - - - - - - - 
82.33 ± 
2.81 
76.67 ± 
3.07 
109.77 ± 
16.25 
1576.59 
76 Acetophenone 
129.30 ± 
18.76 
200.08 ± 
28.71 
234.02 ± 
17.38 
291.84 ± 
15.61 
324.41 ± 
32.98 
425.26 ± 
33.48 
287.67 ± 
33.39 
442.12 ± 
16.30 
511.24 ± 
44.18 
716.78 ± 
65.28 
802.61 ± 
13.63 
978.67 ± 
95.67 
1623.07 
97 
  
No. Volatile 
UNROASTED ROASTED 
KI UNFERMENTED FERMENTED UNFERMENTED FERMENTED 
0PS 3PS 7PS 0PS 3PS 7PS 0PS 3PS 7PS 0PS 3PS 7PS 
 Total 
1148.57 ± 
149.73F 
1747.48 ± 
227.58EF 
2703.08 ± 
365.66BCD 
2320.45 ± 
205.39CDE 
1874.25 ± 
103.48EF 
4295.02 ± 
538.31A 
2141.75 ± 
665.40DE 
2002.25 ± 
309.05DE 
2277.71 ± 
449.35CDE 
3001.53 ± 
203.02BC 
3211.22 ± 
235.33B 
4867.92 ± 
550.62A 
 
 Pyrazines              
77 Methylpyrazine - - - - - - 
48.44 ± 
8.06 
42.99 ± 
5.14 
57.82 ± 
2.80 
284.56 ± 
37.19 
277.00 ± 
7.14 
149.69 ± 
27.52 
1271.71 
78 2,5-Dimethylpyrazine - - - - - - 
184.76 ± 
30.43 
171.06 ± 
10.42 
176.86 ± 
11.99 
556.75 ± 
67.16 
652.47 ± 
15.21 
609.53 ± 
77.70 
1330.04 
79 2,6-Dimethylpyrazine - - - - - - 
393.32 ± 
64.23 
706.53 ± 
41.98 
365.89 ± 
20.99 
741.17 ± 
98.48 
870.34 ± 
29.16 
581.36 ± 
69.64 
1336.98 
80 Ethylpyrazine - - - - - - - - - 
111.65 ± 
10.05 
119.11 ± 
5.38 
66.24 ± 
7.08 
1341.55 
81 2,3-Dimethylpyrazine - - - 
89.43 ± 
1.64 
54.71 ± 
3.65 
164.78 ± 
14.04 
47.17 ± 
6.79 
41.35 ± 
8.84 
62.85 ± 
3.59 
283.34 ± 
42.90 
209.86 ± 
2.43 
505.62 ± 
72.49 
1353.91 
82 
2-Ethyl-6-
methylpyrazine 
- - - - - - 
39.16 ± 
7.66 
14.06 ± 
1.10 
25.73 ± 
3.73 
238.59 ± 
26.64 
205.42 ± 
2.82 
197.06 ± 
21.08 
1392.86 
83 
2-Ethyl-5-
methylpyrazine 
- - - - - - 
275.85 ± 
65.12 
353.83 ± 
44.32 
325.83 ± 
24.23 
468.32 ± 
109.10 
547.37 ± 
102.23 
425.99 ± 
97.10 
1399.25 
84 Trimethylpyrazine 
32.89 ± 
2.81 
26.33 ± 
4.32 
21.11 ± 
2.84 
179.09 ± 
4.14 
99.71 ± 
13.77 
435.29 ± 
36.18 
206.49 ± 
31.43 
158.40 ± 
14.74 
218.74 ± 
14.54 
1265.33 ± 
126.56 
989.24 ± 
3.48 
3876.68 ± 
392.51 
1412.90 
85 
3-Ethyl-2,5-
dimethylpyrazine 
- - - - - - - - - 
423.06 ± 
28.63 
286.24 ± 
29.96 
625.77 ± 
107.43 
1451.47 
86 
2,3-Dimethyl-5-
ethylpyrazine 
- - - - - - - - - 
231.13 ± 
35.65 
187.95 ± 
15.81 
655.13 ± 
64.93 
1464.98 
87 2,6-Diethylpyrazine - - - - - 
34.96 ± 
1.11 
- - - - - - 1465.49 
88 Tetramethylpyrazine 
40.08 ± 
7.68 
32.58 ± 
7.77 
36.32 ± 
21.88 
949.15 ± 
0.85 
404.61 ± 
81.43 
5958.97 ± 
515.78 
176.10 ± 
33.16 
94.07 ± 
8.98 
163.19 ± 
21.11 
1909.15 ± 
180.11 
1197.68 ± 
33.58 
14785.19 ± 
1377.91 
1477.57 
89 
2-Ethenyl-6-
methylpyrazine 
- - - - - - 
14.86 ± 
2.99 
9.79 ± 1.46 
16.72 ± 
3.52 
136.92 ± 
12.31 
117.51 ± 
5.13 
146.14 ± 
9.65 
1487.56 
90 
3,5-Diethyl-2-
methylpyrazine 
- - - - - - 
11.12 ± 
1.54 
8.15 ± 0.42 
18.07 ± 
6.58 
103.95 ± 
1.48 
81.14 ± 
6.01 
153.63 ± 
7.42 
1494.13 
91 
2-Isoamyl-6-
methylpyrazine 
- - - - - - - - - 
25.23 ± 
5.79 
16.96 ± 
1.67 
68.38 ± 
2.40 
1605.37 
92 
2-Acetyl-3-
methylpyrazine 
- - - - - - 
89.97 ± 
31.29 
111.94 ± 
43.67 
245.43 ± 
146.50 
163.86 ± 
16.52 
195.23 ± 
12.84 
222.81 ± 
44.44 
1658.39 
 Total 
72.97 ± 
10.09D 
58.92 ± 
11.67D 
57.43 ± 
24.54D 
1217.68 ± 
3.49CD 
559.02 ± 
94.74CD 
6594.00 ± 
565.65B 
1487.24 ± 
275.27CD 
1712.18 ± 
95.60C 
1677.14 ± 
250.13C 
6942.99 ± 
787.45B 
5953.52 ± 
30.46B 
23069.21 ± 
2360.13A 
 
 Furans, furanones, pyrans, pyrones            
93 2-Ethyl-5-methylfuran - - - - - - 
15.71 ± 
2.40 
18.76 ± 
1.67 
17.39 ± 
0.62 
11.95 ± 
2.55 
21.42 ± 
1.63 
6.65 ± 0.37 1022.91 
94 2-Pentylfuran - - - - - - 
13.26 ± 
3.49 
11.01 ± 
1.75 
12.07 ± 
0.69 
54.92 ± 
9.41 
64.88 ± 
2.25 
80.70 ± 
5.20 
1236.96 
98 
  
No. Volatile 
UNROASTED ROASTED 
KI UNFERMENTED FERMENTED UNFERMENTED FERMENTED 
0PS 3PS 7PS 0PS 3PS 7PS 0PS 3PS 7PS 0PS 3PS 7PS 
95 
Dihydro-2-methyl-
3(2H)furanone 
- - - - - - 
15.01 ± 
3.38 
17.97 ± 
1.19 
16.17 ± 
0.32 
52.89 ± 
9.52 
57.66 ± 
2.39 
35.74 ± 
1.42 
1268.20 
96 Rosefuran 
18.48 ± 
1.79 
34.62 ± 
4.22 
39.02 ± 
1.73 
26.89 ± 
2.81 
30.16 ± 
3.16 
41.24 ± 
7.21 
38.94 ± 
4.95 
53.22 ± 
6.16 
50.92 ± 
4.36 
70.34 ± 
7.76 
99.20 ± 
11.05 
99.89 ± 
12.16 
1408.44 
97 Furfural - - - - - - 
294.30 ± 
89.87 
130.12 ± 
13.89 
341.85 ± 
8.50 
154.23 ± 
31.50 
188.03 ± 
27.38 
68.83 ± 
14.99 
1463.44 
98 2-Acetylfuran - - - - - - 
25.80 ± 
4.36 
11.50 ± 
1.69 
23.97 ± 
5.80 
133.64 ± 
35.07 
142.92 ± 
14.46 
133.82 ± 
24.55 
1500.58 
99 Gamma-butyrolactone 
788.49 ± 
84.08 
639.43 ± 
149.72 
906.18 ± 
178.08 
290.13 ± 
71.99 
278.70 ± 
53.27 
476.88 ± 
86.46 
1050.17 ± 
164.10 
908.61 ± 
85.30 
874.36 ± 
42.67 
287.64 ± 
36.38 
270.70 ± 
5.05 
361.99 ± 
40.99 
1602.68 
100 Furfuryl alcohol - - - - - - 
558.33 ± 
73.21 
444.27 ± 
27.45 
491.72 ± 
26.68 
902.20 ± 
82.54 
928.29 ± 
27.41 
1002.16 ± 
94.40 
1639.43 
101 3-Furoic acid - - - - - - - - - 
110.32 ± 
11.09 
102.10 ± 
3.65 
236.13 ± 
13.19 
1688.94 
102 3-Phenylfuran - - - - - - - - - 
49.09 ± 
6.67 
49.51 ± 
0.95 
73.99 ± 
14.85 
1783.56 
103 Methyl-2-furoate - - - - - - - - - 
31.51 ± 
4.08 
31.67 ± 
1.86 
116.99 ± 
9.32 
1893.43 
104 Furaneol - - - - - - 
107.00 ± 
11.29 
82.58 ± 
8.66 
80.55 ± 
6.93 
202.14 ± 
13.09 
199.13 ± 
29.18 
285.32 ± 
17.56 
1918.98 
105 
2,3-Dihydro-3,5-
dihydroxy-6-methyl-4H-
pyran-4-one 
- - - - - - 
190.02 ± 
48.07 
111.57 ± 
23.74 
147.76 ± 
17.06 
874.78 ± 
90.58 
973.25 ± 
173.11 
996.86 ± 
21.55 
2066.40 
 Total  
806.97 ± 
84.35EF 
674.05 ± 
152.31EF 
945.20 ± 
179.79E 
317.02 ± 
73.00G 
308.87 ± 
51.03G 
518.12 ± 
93.58FG 
2308.54 ± 
297.56C 
1789.62 ± 
140.81D 
2056.77 ± 
105.59CD 
2935.64 ± 
178.75B 
3128.78 ± 
196.70B 
3499.05 ± 
255.48A 
 
 Pyrroles              
106 2-Acetylpyrrole - - - - - - 
166.86 ± 
25.01 
104.15 ± 
7.24 
146.61 ± 
19.18 
597.61 ± 
57.54 
640.89 ± 
29.98 
917.95 ± 
86.67 
1872.07 
107 2-Formylpyrrole - - - - - - - - - 
64.94 ± 
2.38 
64.79 ± 
5.15 
82.65 ± 
5.59 
1908.28 
108 
5-Methyl-2-
formylpyrrole 
- - - - - - - - - 
27.69 ± 
3.91 
30.65 ± 
3.47 
38.65 ± 
1.84 
1961.64 
 Total - - - - - - 
166.86 ± 
25.01C 
104.15 ± 
7.24C 
146.61 ± 
19.18C 
690.24 ± 
61.69B 
736.34 ± 
36.75B 
1039.25 ± 
82.13A 
 
 Others              
109 Toluene - - - - - - 
13.88 ± 
2.43 
12.76 ± 
1.67 
11.44 ± 
0.88 
13.24 ± 
3.75 
14.62 ± 
1.00 
8.62 ± 1.25 1026.82 
110 Dimethyldisulfide - - - - - - - - - 
61.16 ± 
11.25 
52.76 ± 
6.15 
35.37 ± 
3.06 
1060.17 
111 Unknown 1 
163.04 ± 
13.44 
75.09 ± 
13.09 
93.32 ± 
10.12 
531.36 ± 
17.67 
264.26 ± 
19.25 
2205.48 ± 
227.32 
503.88 ± 
74.07 
309.72 ± 
33.09 
229.63 ± 
14.45 
610.26 ± 
68.55 
465.39 ± 
6.65 
2284.02 ± 
259.83 
1558.91 
112 Unknown 2 
242.77 ± 
31.19 
116.56 ± 
11.97 
117.15 ± 
6.24 
452.91 ± 
2.80 
249.53 ± 
26.74 
867.25 ± 
77.56 
696.07 ± 
108.98 
334.94 ± 
29.34 
337.51 ± 
27.29 
469.78 ± 
49.86 
404.18 ± 
21.99 
1049.32 ± 
124.88 
1569.88 
99 
  
No. Volatile 
UNROASTED ROASTED 
KI UNFERMENTED FERMENTED UNFERMENTED FERMENTED 
0PS 3PS 7PS 0PS 3PS 7PS 0PS 3PS 7PS 0PS 3PS 7PS 
113 Benzonitrile  - - - - - - 
78.07 ± 
12.81 
50.02 ± 
7.82 
59.92 ± 
6.18 
210.34 ± 
27.82 
192.43 ± 
3.87 
206.31 ± 
20.72 
1584.33 
114 
2,3-Dihydro-4-methyl-
1H-indole 
- - - - - - 
62.40 ± 
8.69 
52.82 ± 
8.49 
72.22 ± 
6.32 
- - - 1728.08 
115 2-Methoxyphenol - - - 
22.15 ± 
1.77 
28.81 ± 
5.02 
157.56 ± 
89.70 
- - - 
168.38 ± 
11.18 
175.28 ± 
15.83 
296.00 ± 
24.20 
1790.16 
116 Phenol - - - 
31.03 ± 
3.92 
26.56 ± 
2.41 
39.76 ± 
6.67 
- - - 
35.95 ± 
6.08 
33.66 ± 
0.92 
55.95 ± 
4.69 
1896.80 
117 1H-Indole - - - - - - 7.63 ± 1.94 5.07 ± 0.93 5.59 ± 0.76 
17.71 ± 
1.01 
24.82 ± 
10.97 
22.37 ± 
2.47 
2148.20 
 Total 
405.81 ± 
43.91FG 
191.66 ± 
24.83G 
210.47 ± 
15.35G 
1037.46 ± 
23.77DE 
569.16 ± 
42.51FG 
3270.05 ± 
397.79B 
1361.92 ± 
206.50CD 
765.33 ± 
75.04EF 
716.31 ± 
45.29EF 
1586.82 ± 
175.22C 
1363.12 ± 
58.56CD 
3957.95 ± 
434.61A 
 
 Grand total  
38561.90 ± 
4244.51DEF 
28090.39 ± 
4954.14F 
41700.66 ± 
6068.25CDE 
64502.81 ± 
5349.97B 
52406.31 ± 
3361.12BC 
95745.53 ± 
12298.11A 
44790.05 ± 
6461.54CD 
31406.59 ± 
2524.52EF 
33541.90 ± 
1817.79DEF 
65452.13 ± 
7353.15B 
58801.35 ± 
926.49B 
105466.91 
± 10976.13A 
 
Total number of volatiles 53 53 54 60 60 60 85 85 85 97 97 97  
For each row different alphabets indicate significant differences (α = 0.05) among samples 
 
Table 4.4: ANOVA showing F-values of total groups of aroma volatiles identified in cocoa beans of different pod storage, fermentation and roasting conditions 
Total volatiles Pod storage (PS) Fermentation (F) Roasting (R) PS × F PS × R F × R PS × F × R R2 (%) 
Acids 23.85*** 188.33*** 18.85*** 9.82*** 0.72 7.03** 0.08 92.19 
Alcohols 24.16*** 54.19*** 14.16*** 39.82*** 5.98** 4.75* 3.60* 90.17 
Esters 6.40** 3.48 6.86* 8.51** 2.92 1.02 5.15** 70.49 
Terpenes and terpenoids 20.83*** 200.52*** 80.24*** 16.01*** 22.05*** 87.23*** 18.68*** 95.61 
Aldehydes 2.42 901.05*** 419.26*** 0.09 0.29 267.40*** 1.25 98.52 
Ketones 34.80*** 67.43*** 13.78*** 7.81** 2.62 3.70 2.17 88.22 
Pyrazines 150.89*** 462.53*** 312.56*** 149.36*** 36.30*** 157.39*** 35.25*** 98.59 
Furans, furanones, pyrans, 
pyrones 
5.65** 27.01*** 881.69*** 4.40* 0.18 131.46*** 2.80 97.8 
Pyrroles 17.58*** 648.06*** 1284.38*** 16.68*** 17.58*** 648.06*** 16.68*** 99.12 
Others 101.07*** 302.92*** 75.74*** 132.86*** 0.34 0.00 1.70 97.26 
Grand total 34.15*** 202.27*** 1.37 23.80*** 0.21 0.99 1.66 93.11 
Significant F-ratios at *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 
100 
  
The acids were the dominant group of volatiles in all the liquors, consisting of acetic, propanoic, 
isobutyric, butanoic, isovaleric and hexanoic acid. Interestingly, in the absence of fermentation, the 
concentration of acetic acid in the 0PS was the highest, whereas, with fermentation, the highest 
concentration of acetic acid was quantified in 7PS, thus, underlying the significant (p<0.05) interaction 
of PS and fermentation (Table 4.4). This trend was also consistent with the fermentation indices of the 
beans (Table 4.1). The results indicated that although present in lower amounts, acids were still formed 
without fermentation. This could be due to fermentation-like reactions occurring during the initial stage 
of the drying process (which lasted for ten days). In support to this assertion, Aprotosoaie et al. (2016) 
explained that until the moisture content of the beans has drastically reduced, various biochemical 
reactions similar to the fermentation process may still persist during the initial stage of the drying 
process. Thus, given the availability of pulp encapsulating the beans, the thermal conditions of the sun-
drying process and the ubiquity of microbes in the environment, there is the possibility for a 
fermentation-like process to occur at the early stage of the drying process. 
  
This is plausible given the ability for yeast strains to metabolize sugars through fermentation in the 
presence of oxygen yielding ethanol at the expense of normal respiratory metabolism in a phenomenon 
known as the Crabtree effect in yeast (De Deken, 1966). This is opposite to the Pasteur effect where 
unlike yeasts, the fermentative activity of other microbes could be inhibited by respiration in the 
presence of oxygen (Hagman et al., 2013). More so, the formation of acids is not only linked to the 
fermentation of sugars but can also be derived from biosynthetic pathways associated with the 
metabolism of branched chain amino acids such as serine, valine, leucine, alanine, isoleucine and 
methionine (Dudareva et al., 2013) which are present within the bean. It is thus, possible that, on the 
one hand, the abundance of fermentable sugars (from the unmodified pulp) around the beans of the 
unstored pods (being exposed to microbial proliferation under the drying conditions) could have been 
responsible for the high acidity in the unfermented beans. Whereas, on the other hand, under 
fermentation conditions the additional metabolism from the excess amino acids in 7PS (Hinneh et al., 
2018) could have contributed to the high concentration of acids in these beans as observed. 
 
Propanoic acid was present during fermentation but it disappeared during roasting. Its disappearance in 
the fermented and roasted beans could be attributed to its possible conversion into other volatiles under 
the high thermal conditions. Both isobutyric and butanoic acids seemed to increase with fermentation, 
however, the impact of roasting was seen as their levels decreased concomitantly, possibly due to their 
transformation also as a result of the heating process. Conversely, hexanoic acid was only identified in 
beans which were both fermented and roasted. This could be a heat-induced oxidation product of hexanal 
which is obtained from fatty acid oxidation from the combination of the fermentation or roasting 
processes (Parker, 2015). 
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4.3.2.2 Alcohols 
There are several ways through which alcohols can be formed in cocoa. Firstly, the fermentation of pulp 
sugars in the presence of yeast has been demonstrated to be a primary source of ethanol production. 
During this process, glucose (6C) is converted to pyruvate (3C) through the process of glycolysis, after 
which there is decarboxylation of the pyruvic acid to acetaldehyde (2C) by the action of the enzyme 
pyruvate decarboxylase. Acetaldehyde is then finally converted to ethanol (2C) by the alcohol 
dehydrogenase enzyme. Additionally, other biosynthetic pathways induced by PS, fermentation or as a 
result of senescence have also been implicated. For instance, the biosynthesis of phenylpropanoids from 
the amino acid phenylalanine is responsible for the formation of alcohols such as 2-phenylethanol and 
benzylalcohol, whereas the enzymatic oxidation of lipids by the action of lipoxygenases and catalases 
may lead to the formation of fatty acid derivatives such as hexanol, 2/3-hexenol and 3-nonenol. More 
so, just like in the case of acids, the metabolism of some branched chain amino acids consists of specific 
pathways that are responsible for the formation of alcohols from aldehydes (an intermediate from amino 
acid metabolism) by the catalysis of alcohol dehydrogenases (Dudareva et al., 2013). Finally, alcohols, 
such as pentanol, are also known to originate from a heat-induced oxidation of lipids, specifically 
saturated fatty acids alongside the Maillard reaction under roasting conditions (Parker, 2015). 
 
Table 4.3 shows significant (p<0.05) impact of the factors and their (2-way and 3-way) interactions on 
the total alcohol concentration. Fermentation alone showed the biggest impact whereas, of the 
interactions, PS and fermentation had the highest influence. Just like the acids, 7PS liquor possessed the 
highest total concentration of alcohols, due to the onset of a fermentation-like process leading to the 
production of ethanol and carbon dioxide. It was followed by 0PS liquor, then 3PS liquor. At the time 
of harvest, the enclosed pulp is expected to be sterile (Afoakwa, 2016). However, it is subjected to 
modifications such as moisture reduction through transpiration and cellular respiration of the pulp sugars 
as earlier mentioned, the consequence of which is pulp volume reduction. However, upon prolonged 
storage beyond three days, Hinneh et al. (2018) observed the degradation of the pulp and pod cellular 
components (leading to sweating) as well as the onset of an alcoholic fermentation-like process (possibly 
due to the scarcity of oxygen to balance the rate of metabolism within the pod). This perhaps accounted 
for the high alcohol content and acidity of the 7PS liquor. Meanwhile, the biochemical reaction is not at 
its peak until the different pods have been open to expose the pulp to external microorganisms (yeast, 
lactic acid bacteria, acetic acid bacteria, etc.) which convert the reaming substrate into various 
intermediate products such as the alcohols. This explains why the fermentation process further 
contributed to an increase in the total concentration of alcohols (Table 4.3). It must however be stated 
that the dynamics of the formation of different alcohols may have been greatly influenced by the quality 
of fermentation as evidenced from the trends in FI, pH and TA of the different samples (Table 4.1). 
Conversely, the roasting process resulted in a decrease in the total concentration of alcohols. This was 
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consistent with the findings of Ramli et al. (2006) who attributed this to the chemical degradation or 
volatilization of alcohols during roasting. 
  
Ethanol was only present in the unfermented samples. This is because during the aerobic phase of the 
fermentation process, ethanol is converted to acetic acid by acetic acid bacteria (Afoakwa, 2016). Others 
like 2-methyl-3-buten-2-ol, 2-heptanol and octanol seemed to have been converted to other volatiles by 
the roasting process. However, an opposite trend was seen for alcohols including 3-ethoxy-1-propanol 
and 4-methyl-5-thiazoleethanol which were also unique to the roasting process. Particularly, the latter 
could be a derivative from the Strecker degradation of methionine from which the thiazole unit of the 
volatile is likely derived (Parker, 2015). Interestingly, the same trend in concentration of this volatile 
from the fermented and roasted liquors were also consistent with the trend in methionine concentration 
as previously reported (Table 2.5). On the one hand, butanol was only unique to the unfermented and 
unroasted liquor, whereas, on the other hand, geraniol was only produced through a combination of both 
fermentation and roasting. 1,2-Propanediol was only detected in the fermented liquors, however, this 
may have been further oxidized to form short chain aldehydes or even esters during the roasting process. 
The same may also be true for isobutyl alcohol leading to the formation of isobutanal. 
 
4.3.2.3 Esters 
Esters are associated with fruity/floral notes and are ranked among the important groups of volatiles in 
roasted cocoa beans (Jinap et al., 1998). Esters share similar biosynthetic pathways with alcohols and 
are thus formed as secondary metabolites in response to various biochemical reactions stimulated by 
senescence, PS or fermentation. They can also be derived through the auto-oxidation of lipids under 
roasting conditions. There were significant (p<0.05) impacts of PS and roasting on the total 
concentration of esters. Also, the two-way (PS with fermentation) and three-way interactions were 
significant (p<0.05). The individual impact of PS on the total concentration was not clear given the 
magnitudes of the interaction effects in comparison with the main effects. For instance, for the fermented 
samples, 7PS liquor had the highest concentration, followed by 3PS, then 0PS liquor. However, different 
trends were obtained for the samples for each fermentation-roasting combination, thus, underscoring the 
key impact of the interaction effects over the main effects. Meanwhile, although insignificant (p>0.05) 
in some cases both fermentation and roasting seemed to have reduction effects on the total concentration 
of esters compared to the initial concentration prior to these processing steps. It must however be noted 
that this trend was mostly reflected in the esters which were formed as secondary metabolites prior to 
the roasting process. Mostly being derivatives of amino acids, they are known to be converted to other 
volatiles during further processing (Ramli et al., 2006). For instance, depending in the processing 
conditions, esters may be reduced or hydrolyzed into alcohols or alcohols and carboxylic acids 
respectively. As earlier stated, other forms of esters may also be formed under thermal conditions. 
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According to Parker (2015), these are likely oxidation products from lipids or products from alcohols 
(derived from amino acid degradation).  
 
From Table 4.3, esters including isoamyl isobutyrate, 2-heptylacetate, isoamyl-3-methylbutanoate, ethyl 
octanoate, ethyl isobutanoate and methyl phenyl acetate seemed to be associated with the roasting 
process, however, the latter was subsequently lost in the fermented and roasted liquor – indicating the 
thermal degradation or conversion into other volatiles. Ethyl acetate is a product of the esterification of 
acetic acid and ethanol (Pretorious, 2000). However, it is highly unstable and can easily be hydrolyzed 
to regain acetic acid and ethanol under both acidic and basic conditions. This probably explains why it 
was lost during the fermentation process (an acidic condition) where ethanol is actively being used as a 
substrate to form acetic acid through bacterial action. Isoamyl acetate, being a product of acetic acid and 
isoamyl alcohol, interestingly showed a similar trend with the latter precursor. 2-Phenyl ethyl acetate 
has been found in unroasted and roasted cocoa beans as a result of yeast metabolism (Aprotosoaie et al., 
2016). Apart from that, 2-phenyl ethyl acetate can also be formed by the oxidation of phenyl ethyl 
alcohol during roasting (Smit et al., 2005). According to Ramli et al. (2006), the concentration of this 
volatile increases during roasting, especially when the temperature and time regime exceeds the 
optimum condition (over-roasting). These also confirmed our results where both fermentation and 
roasting were found to increase the concentration of this volatile. 
 
4.3.2.4 Terpenes and terpenoids 
Terpenes and their oxygenated moieties (terpenoids) are an important class of volatiles contributing in 
part to the fine flavor attributes of cocoa and can be identified by their isoprene units. Dudareva et al. 
(2013) explained that terpenes are mainly biosynthesized in plants from five-carbon precursors 
(isopentenyl diphosphate and dimethyl allyl diphosphate) following two independent pathways; the 
mevalonic acid (MVA) and methylerythritol phosphate (MEP) pathways. Although each pathway 
comprises of a multi-staged mechanism, key enzymes; terpene synthases/cyclases play significant roles 
in the conversion of the intermediates into the various types of terpenes. Of all the significant (p<0.05) 
factors and their interactions, the impact of fermentation was the greatest. In agreement with this, Kadow 
et al. (2013) once indicated that most monoterpenes do originate from the pulp and subsequently diffuse 
into the beans during the fermentation process. This may explain why the fermentation resulted in higher 
total concentration of terpenes/terpenoids (Table 4.3). However, considering the fact that most of these 
volatiles were also found in the unfermented liquors, it can be argued that the source of terpenes may 
not entirely be derived from the pulp, but also possibly biosynthesized within the bean itself according 
to the pathways described above. 
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Roasting also contributed significantly (p<0.05) to the increase in terpenes. Whilst there is yet no report 
of the formation of terpenes under thermal conditions other than a possible oxidation, it can be suggested 
that the impact of roasting on the terpene concentration was rather due to the liberation effect of the 
heat, thereby unlocking the trapped volatiles from the matrix of the nibs and making them more available 
in the liquor. The effect of PS was however variable depending on the specific treatment applied. For 
unfermented and unroasted samples, 7PS possessed the highest total concentration, perhaps due to the 
diffusion of pulp-derived terpenes into the bean along with the acids and pulp components as previously 
suggested. This was followed by 3PS, then 0PS. However, when these unfermented beans were roasted, 
the liberation of more terpenes by the heat led to their significant (p<0.05) increase in 0PS and 7PS 
liquors. Different dynamics were however seen for the beans which were fermented. Of these, 7PS liquor 
was still dominant among the unroasted samples, meanwhile, when the fermented beans were further 
roasted, 3PS liquor became more dominant whereas the amount recorded in 7PS and 0PS were 
significantly similar (p>0.05). Given the intricacies of the dynamics of terpene formation, it is worth 
further investigation in order to ascertain whether terpenes are indeed uniquely pulp-derived, bean-
derived or occur in cocoa as a combination of both. From Table 4.3, terpenes such as trans-ocimene 
appeared to have been degraded by the heat treatment whereas others like alpha-terpinolene was only 
detected in the sample when heat treatment was applied to the fermented beans. More so, epoxylinalool 
was not detected in the unfermented and unroasted liquors. However, it was detected in the samples 
which had been fermented and/or roasted, thereby, confirming the contributory effects of both processes 
on the epoxidation reaction. 
 
4.3.2.5 Aldehydes and ketones 
Aldehydes and ketones are mainly formed through the Strecker degradation reaction involving an α-
dicarbonyl compound and an amino acid leading to the formation of an α-aminoketone and a Strecker 
aldehyde. Depending on the type of amino acid involved, specific aldehydes may be formed from the 
carboxyl group of that amino acid. Not only that, but the sugar fragmentation stage of the Maillard 
reaction is also responsible for the generation of many carbonyls such as glyceraldehyde, pyranone, 2,3-
butanedione and  acetaldehyde (Smuda and Glomb, 2013). However, since the keto-enol tautomerisation 
reaction is pH dependent, the acidity of the bean may thus affect the specific types of products formed. 
Other reactions such as auto-oxidation (triggered by heat) and enzymatic oxidation of lipids (from 
fermentation or other biochemical triggers) are also known to produce various aldehydes including 
hexanal, octanal, nonanal, decanal, (E,Z)-2,4-decadienal, 2-alkenals, and 2,4-alkadienals (Dudareva et 
al., 2013; Parker, 2015). Alternative sources of aldehydes which are not heat-related include 
phenylacetaldehyde and benzaldehyde (from the biosynthesis of phenylpropanoid or benzenoid 
compounds) and others derived from amine (following the decarboxylation of amino acids), ketoacids 
(from deamination of amino acids) or those that are formed directly from amino acids by the action of 
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aldehyde synthases. From Table 4.4, only fermentation, roasting and their two-way interaction had a 
significant (p<0.05) impact on the total concentration of aldehydes. Interestingly, both factors 
contributed to an increase in the total concentration of aldehydes (Table 4.3). 
 
Meanwhile, the total concentration of ketones was significantly (p<0.05) influenced by all the factors 
including the two-way interaction of PS and fermentation. Of these, fermentation showed the greatest 
impact on both groups of volatiles. Just like the aldehydes, both fermentation and roasting contributed 
to an increase in the total concentration of ketones. More so, the trend for PS revealed an increasing 
effect of prolonged PS (7 days) on the total concentration of ketones whereas no significant (p>0.05) 
differences were seen between 3PS and 0PS liquors. The fragmentation of amino acids into small units 
of aldehydes may not only be limited to the roasting process but can also be linked to microbial activity 
during the fermentation process. As such, aldehydes such as isobutanal was detected in all the samples 
except for the unfermented and unroasted cocoa liquor. The formation of this volatile can be linked to 
three different routes; the demethylation of 2-methylbutanal, oxidation of isobutanol (present in all the 
liquors), and finally, as a degradation product of alanine. According to Belitz et al. (2004), a study has 
shown that the yeast Saccharomyces cerevisiae is involved in the formation of 2/3-methylbutanal. They 
are also claimed to be formed to an extent by decomposition but mostly as by-products during the 
biosynthesis of valine, leucine and isoleucine. Here, 2-methylbutanal is formed from a side reaction 
pathway involving the conversion of α-ketobutyric acid to isoleucine. Also, α-keto-4-methylvaleric acid, 
formed in the biosynthetic pathway of valine and isoleucine can also undergo decarboxylation to form 
3-methylbutanal (Belitz et al., 2004). Additionally, these aldehydes can be formed from the Strecker 
degradation of the aforementioned amino acids during the Maillard reaction. Both 2-methylbutanal and 
3-methylbutanal produce malty, cocoa and chocolate notes in both unroasted and roasted cocoa 
(Rodriguez-Campos et al., 2012). These followed the general trend as the effect of the treatment on the 
total aldehyde concentration. 
  
Phenylalanine being the least abundant amino acid quantified in the cocoa beans (Table 2.5) is the 
known precursor for benzaldehyde and phenyl acetaldehyde, the utilization of which may have resulted 
in the formation of these volatiles, both from a secondary metabolic reaction during fermentation or the 
Strecker degradation reaction during roasting. 3,4-Dimethyl benzaldehyde (probably from the 
metabolism of phenylalanine) was likely converted to other volatiles following various heterocyclization 
reactions during the roasting process, thus, the reason for its disappearance in the roasted samples (Table 
4.3). According to Counet et al. (2002), 5-methyl-2-phenyl-2-hexenal can be formed through the aldol 
condensation of phenyl acetaldehyde and 3-methylbutanal during roasting of the cocoa beans. However, 
from Table 4.3, it appeared that the fermentation process also contributed to the formation of these 
volatiles although the highest concentrations were measured in the roasted samples. Likely, the same 
can also be said about the trends in 4-methyl-2-phenyl-2-pentenal and 5-methyl-2-isopropyl-2-hexenal. 
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As mentioned earlier, hexanal, heptanal, octanal and nonanal are likely products or intermediates from 
the oxidation of the cocoa butter. Of these, heptanal and octanal (likely from the unsaturated fatty acid 
fraction) seemed to have been formed during the roasting process whereas nonanal (more associated 
with the fermentation process) may have been further converted into alcohols, esters or even joined the 
heterocyclization reaction during roasting. 
 
The ketones; acetone and 2-butanone were only detected in the roasted samples. These are likely sugar 
fragmentation products from the early stage of the Maillard reaction. The same can be inferred about 
2,3-butanedione and 2,3-pentanedione – two highly reactive carbonyls which were formed from the 
fermentation and roasting processes – respectively (Table 4.3). The former which increased with 
fermentation also reduced drastically during roasting. This is because, among others, 2,3-butanedione 
has been shown to act as a precursor for the formation of most pyrazines, such as the reaction of 2,3-
butanedione and glyoxal to form 2,3-dimethylpyrazine as illustrated by Parker (2015). However, 2,3-
pentanedione was only formed during the roasting process. Similar reasons as for the latter can be used 
to explain the trends in 1-hydroxy-2-propanone, 3-nonen-2-one and 3-methyl-2-cyclohexen-1-one, 
although, the last two volatiles were exceptionally detected in beans that were both fermented and 
roasted. Of the ketones, acetophenone has been marked with its musty, floral and almond notes 
(Rodriguez-Campos et al., 2012). Being present in all the liquors, it was interestingly found to increase 
with all factors; PS, fermentation and roasting. 
 
4.3.2.6 Pyrazines 
The formation of pyrazines is greatly linked to the heterocyclization reactions occurring after Strecker 
degradation during the final stage of the Maillard reaction. The reaction involves the condensation of 
two α-aminoketones to form a dihydropyrazine which upon further oxidation leads to the formation of 
pyrazine. According to Ramli et al. (2006), pyrazines can also be formed by microbial synthesis, 
specifically through the action of Bacillus subtilis during the fermentation process. From Table 4.4, all 
factors were seen to have significant (p<0.05) impact on the total concentration of pyrazines recorded 
in the samples. Of these, the fermentation process (being the main originator of the precursors) had the 
highest impact followed by the roasting process (responsible for transforming the aroma precursors into 
aroma volatiles). Also, all two-way and three-way interactions had significant (p<0.05) impact on the 
pyrazine concentration with the interactions of fermentation with roasting and PS with roasting being of 
higher magnitudes. In terms of PS, there was no significant (p>0.05) difference among the unfermented 
samples for both roasting conditions. This is because most pyrazines were only formed after roasting 
(Table 4.3). However, after fermentation, a clear impact of PS on the total pyrazine concentration was 
evident. Here, a pattern consistent with the pH and TA was seen – where 7PS (being the most acidic) 
also possessed the highest concentration of pyrazines. This was followed by 0PS and finally the 3PS 
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liquor. In agreement with this observation, Parker (2015) stressed on the dependency of the Maillard 
reaction on specific reaction conditions such as changes in pH/TA, the choice of sugar as well as the 
concentration of precursors. With respect to this study, the differences in pyrazine could be attributed to 
the differences in pH/TA and the variation in the concentration of specific flavor precursors. 
  
Our previous studies (chapter 2) revealed that PS contributed to a consistent increase in the individual 
as well as the total concentration of free amino acids. However, the respective fructose:glucose ratios of 
3:1, 2:1 and 4:1 for 0PS, 3PS and 7PS were found (with fructose and glucose being the two most active 
reducing sugars). These ratios are important in that they are said to play a cardinal role in dictating the 
outcome of the Maillard reaction, and subsequently, the concentration of pyrazines formed (Reineccius 
et al., 1972). However, the same reasons as explained earlier accounted for these observed dynamics in 
the aroma precursor generation in function of PS. In addition to the suspected influence of the types and 
quantities of precursors on the trend in pyrazine formation, Parker (2015) also highlighted on the impact 
of nib acidification on the enolization of the Amadori product prior to sugar fragmentation – a reaction 
that determines the amount and types of dicarbonyl intermediates in the system. Here, the reaction is 
known to proceed rapidly under more acidic conditions since the protonation of the carbonyl group is 
known to enhance the reaction, thereby leading to the formation of several intermediates (2,3-
butanedione, acetaldehyde, hydroxypropanone, etc.) which could subsequently participate in the 
heterocyclization reaction (Parker, 2015). The same trend being mirrored in the acidity of the beans (pH 
and TA) may therefore explain why 7PS recorded the highest pyrazine concentration, followed by 0PS, 
then 3PS liquor. Table 4.3 additionally showed an increasing impact of fermentation and roasting on the 
total pyrazine concentration in the different liquors. The reasons for this are as indicated above. 
 
Out of the sixteen pyrazines identified, the fermentation process contributed only four pyrazines of 
which 2,6-diethylpyrazine was only found in the 7PS liquor. 2,3-dimethylpyrazine which is known to 
be generated directly from the condensation of glyoxal and 2,3-butanedione (Parker, 2015), was also 
present in the fermented beans with the same trend as the total pyrazine concentration. 
Tetramethylpyrazine was not only formed as a secondary metabolite through bacterial action during the 
fermentation process as previously reported by Zak et al. (1972) but was also formed in small amounts 
in the unfermented samples (Table 4.3). In this study, the same was true about trimethylpyrazine. Parker 
(2015) explained that highly substituted pyrazines are mostly generated through alternative pathways in 
which aldehydes are highly involved. Thus, not only during roasting, but also, the availability and types 
of aldehydes from other secondary metabolic reactions (such as biosynthesis or degradation of amino 
acids and enzymatic oxidation of lipids) occurring before or during fermentation can also influence the 
dynamics if pyrazine formation in the bean. From Table 4.3, it can be seen that even without 
fermentation, the role of roasting in pyrazine formation still remains formidable. Here, eleven out of the 
sixteen identified volatiles were found in the liquors from unfermented but roasted cocoa beans, 
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although their concentrations were relatively lower than the liquors from fully fermented and roasted 
beans. However, other pyrazines such as ethylpyrazine, 3-ethyl-2,5-dimethylpyrazine, 2,3-dimethyl-5-
ethylpyrazine and 2-isoamyl-6-methylpyrazine were only unique to the fully fermented and roasted 
samples. The reason for this may be due to the abundance of free amino acids from the fermentation 
process which could lead to the formation of these highly substituted pyrazines. For instance, Low et al. 
(2007) and Parker et al. (2010) demonstrated in their studies the preferential increase in the amount of 
substituted pyrazines in the presence of formaldehyde (a Strecker aldehyde) due to the incorporation of 
glycine in Maillard model systems. 
 
4.3.2.7 Furans, furanones, pyrans, pyrones, pyrroles and others 
PS, fermentation and roasting all had significant (p<0.05) impact on the total concentration of furans, 
furanones, pyrans, pyrones, pyrroles as well as the other unclassified volatile groups. Majorly being 
heat-induced volatiles, the generation of furans, furanones, pyrans, pyrones and pyrroles were greatly 
enhanced by the roasting process (Table 4.4). In terms of the interaction, PS with fermentation although 
being significant (p<0.05) had relatively lower impact compared to that of fermentation with roasting 
for the formation of furans, furanones, pyrans and pyrones. Meanwhile for the pyrroles, both two-way 
and three-way interaction effects were significant (p<0.05). Conversely, only the interaction of PS with 
fermentation had any significance (p<0.05) on the other unclassified group of volatiles. Table 4.3 further 
revealed similar trends as observed for the pyrazines. For all these volatile groups, fermentation and 
roasting significantly (p<0.05) contributed to the formation and general increase in concentrations. This 
is because; like pyrazines, they are highly dependent on the availability of precursors and the presence 
of heat for their formation (Nursten, 2005; Aprotosoaie et al., 2016; Hinneh et al., 2019a,b). More so, 
the same impact of PS on pyrazines was seen for these groups of volatiles. 
 
Furanones occur as oxygenated furans whilst sharing the same pathways are pyranones (section 1.3.2.1). 
Furthermore, 2-alkylfurans (such as 2-pentylfuran and 2-acetylfuran) have also been reported as end-
products of the thermally-induced oxidation of lipids (Parker, 2015). With the exception of rosefuran 
and gamma-butyrolactone, all furans were seen to originate from the roasting process. However, of 
these, 3-furoic acid, 3-phenylfuran and methyl-2-furoate were uniquely associated with the liquors from 
fully fermented and roasted cocoa beans. Pyrroles are also post-Strecker degradation products typically 
derived from proline and hydroxyproline (Tressl et al., 1993b). From Table 4.3, the formation of 
pyrroles was only associated with the roasting process. 2-Acetylpyrrole – a common but dominant 
volatile in cocoa – was additionally found in the unfermented but roasted sample, however, these were 
3-6 folds lesser than the quantities in the fully fermented and roasted cocoa beans. Likewise, other 
unclassified volatiles such as benzonitrile, 2,3-dihydro-4-methyl-1H-indole and 1H indole were all 
uniquely associated with the roasting process, but more so formed in abundance in the fermented cocoa 
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beans. Dimethyldisulfide which is a product of the Strecker aldehyde; methional from the amino acid 
methionine (Granvogl et al., 2012) was also exclusively found in the fermented and roasted cocoa beans. 
It however decreased with increasing PS duration. Both phenol and 2-methoxyphenol were identified in 
only fermented cocoa beans, however, although the concentration of the former seemed less affected by 
the roasting process, the latter increased by at least two folds due to the roasting process. 
 
4.3.3 Diversity of aroma profiles of cocoa liquors in consequence of variable pod storage, 
fermentation and roasting conditions 
The results from Tables 4.3 and 4.4 revealed that the total aroma volatile concentrations of the different 
liquors were significantly (p<0.05) influenced by both PS and fermentation as well as their interaction. 
Withal, in this regard, not a great impact of the roasting process was seen. When the sample diversity 
was visualized through PCA, four typical clusters were observed mainly due to fermentation, roasting 
and their interaction (Fig. 4.1). However, within the groups, the impact of PS was also seen. A total of 
74% of the variability in the data was explained by the first two principal components (F1 and F2). Here, 
F1 seemed to separate the liquors more on the basis of the roasting process. Of the liquors from 
fermented and roasted beans, the 7PS liquor – being more dominant in the thermal and/or Maillard-
related volatiles – was clearly distinguished from that of 3PS and 0PS. A similar separation was also 
mirrored by the fermented but unroasted samples, and the reason for this is as earlier explained. 
Considering F2, no clear pattern due to a specific process was seen. However, it is evident that real 
change in aroma profile was largely due to the combined effect of the fermentation and roasting 
processes. Further, a big difference in flavor profile due to fermentation is seen for when the beans are 
roasted than when they are not roasted. As earlier explained, the fermentation process is necessary for 
aroma precursor formation whereas the roasting process is mainly responsible for transforming these 
precursors into volatile compounds. Additionally, both processes were also marked for their key roles 
in the formation and/or expression of various non-Maillard reaction-related volatiles, such as some 
acids, alcohols and terpenes/terpenoids. 
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Fig. 4.1: PCA biplots showing the influence of pod storage, fermentation and roasting conditions on various aroma volatiles identified from cocoa 
beans
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4.3.4 Sensory profiles of roasted cocoa liquors with different pod storage and fermentation 
conditions 
Due to the excessive bitterness and astringency in the unroasted liquors as reported by the panel, the 
tasting session was conducted only on the liquors from the roasted cocoa beans. Thus, possible 
differences in taste due to PS and fermentation (as seen from the aroma analysis) were further 
investigated. Here, the core attributes (cocoa, acidity, astringency and bitterness) as well as secondary 
attributes (roasted notes, nuttiness, earthiness, fruitiness, floral notes, smokiness and hammy notes) were 
the sensory attributes of interest. 
 
4.3.4.1 Core attributes 
As shown in Fig. 4.2, the intensity of cocoa attribute was trivial among the roasted cocoa liquors with 
no significant (p>0.05) difference identified by the panel. This is unexpected given the significantly 
high amount of pyrazines in the 7PS liquors. It is however possible that other volatile groups (such as 
aldehydes) – which are also known to impart typical cocoa notes – may have played additional roles in 
determining the perception of cocoa attribute in the liquors. Specifically in the case of aldehydes, no 
significant (p>0.05) difference due to PS was found although fermentation contributed to a general 
increase in the total concentration (Table 4.3 and 4.4). The panelists also ranked the 7PS liquor from the 
fully fermented cocoa beans highest in terms of acidity. This was consistent with the earlier findings 
from Table 4.1 where a high level of acidity (low pH and high TA) was also associated with the 7PS 
liquor. The same results were also confirmed by the significantly (p<0.05) high total concentration of 
volatile acids in the 7PS (fermented and roasted) in comparison with the other liquors which showed no 
significant (p>0.05) distinction among each other (Table 4.3). According to Noor-Soffalina et al. 
(2009), the perception of astringency in cocoa is as a result of polyphenols which upon further 
fermentation can be reduced through oxidation. On the other hand, the presence of alkaloids 
(methylxanthines, eg. theobromine and caffeine) are known to be responsible for the typical bitterness 
of unfermented cocoa beans. Together with polyphenols, they are situated in the polyphenolic cells of 
the cotyledons of the bean. However, their levels are reduced during fermentation mainly through 
diffusion from the cotyledons, thereby leading to a reduction in bitterness (Ho et al., 2014). This 
migration of alkaloids has also been observed from the polyphenolic cells into the fat of the cocoa nibs 
during the fermentation process (Mattisek, 1997). These explain the trends as observed for both 
astringency and bitterness as perceived by the panelists (Fig. 4.2). However, it seemed that the intensities 
of astringency and bitterness increased as days of PS increased, although these differences were mostly 
statistically insignificant (p>0.05). 
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Fig. 4.2: Core flavor attribute intensities of roasted cocoa beans with different pod storage and 
fermentation conditions. For each attribute, different alphabets indicate significant difference at 
α = 0.05 
 
4.3.4.2 Secondary attributes 
As shown in Fig. 4.3, majority of the panelists tasted the presence of roasted and nutty notes in the 
liquors. Of these, 0PS liquor from fermented beans was dominant in these attributes whereas in most 
cases, 7PS liquor possessed the lowest score. This may have been due to the masking effects of the 
heightened acid, astringent and bitter notes as perceived in the latter. The sensation of nutty and roasted 
was perceived by less panelists in fermented 0PS and unfermented 7PS liquors respectively. Also as can 
be observed, only a few panelists could perceive earthy, fruity, floral, smoky and hammy notes in the 
samples possibly due to the intensity of the core attributes. Fruity and smoky notes were felt by more 
panelist in fermented 7PS whereas the floral note was perceived more in the unfermented 0PS liquor. 
Hammy note appeared to be absent in most of the samples except 7PS (both unfermented and 
fermented). 
 
In general, the combination of the different trends in the sensory attributes reveal the possible diversity 
of the liquors in terms of their flavor profiles. For instance, for the fermented beans, 7PS which recorded 
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the highest fruity notes was also dominated by high acidity, smokiness and hammy notes, whereas 
liquors from the unstored pods which was relatively high in terms of fruity and floral notes, additionally 
possessed very minimal astringent and bitter notes. From these, it is therefore possible that the general 
perception of fruity/floral notes may have been more pronounced (or less masked) in the latter than in 
the case of the former. In the same way, the abundance of acidity in the former may undoubtedly have 
some implications on its overall flavor quality. 
 
 
Fig. 4.3: Secondary flavor attributes distinguishing among various roasted cocoa beans with 
different pod storage and fermentation conditions. For each attribute, a limit score of 0 (lower) 
or 1 (upper) indicate absence or presence of the attribute in a sample respectively  
 
 
 
 
 
 
 
 
 
0
0.5
1
Roasted Nutty Earthy Fruity Floral Smoky Hammy
A
tt
ri
b
u
te
 s
co
re
Secondary attributes
0PS (UF/R)
3PS (UF/R)
7PS (UF/R)
0PS (F/R)
3PS (F/R)
7PS (F/R)
114 
  
4.4 Conclusions 
The FI of all fermented beans were greater than unity and vice versa for the unfermented beans. 
However, in each fermentation condition, evidence of the same impact of PS was seen, where beans 
from the unstored pods (0PS) recorded higher FI than the pod stored beans. This was in consequence of 
the pulp modification in the latter as previously shown in our studies. Ultimately, the difference in the 
degree of pulp modification may have as well contributed to the observed differences in FI between 3PS 
and 7PS. With evidence from spectrophotometric, cut test and color analyses, our results indicated that 
both PS and fermentation did contribute to the formation of the typical brown color of cocoa beans. In 
terms of pH and TA, the unfermented cocoa beans were less acidic compared to the fermented beans. 
However in each case the order of acidity was 7PS, followed by 0PS, then 3PS. The three treatments 
(PS, fermentation and roasting) with their interactions were seen to influence the levels of various 
individual as well as groups of volatiles identified in the liquors. Of these, both fermentation and roasting 
of cocoa beans resulted in a generally higher number of volatiles whereas in most cases, PS had an 
impact consistent with the trend in FI of the cocoa beans. More importantly, by studying the volatile 
formation with respect to the individual treatments, it was possible to link the origin of specific volatiles 
(either entirely or partly) to the different treatments thereby clearly defining the role and/or importance 
of the different steps for flavor improvement or optimization. Our sensory analysis further suggested 
that as long as the beans were adequately roasted, the absence of fermentation may not significantly 
influence the perception of cocoa note in the liquors, however, the additional higher perceptions of 
astringency and bitterness in the liquors from the unfermented beans may clearly hinder the acceptability 
of these samples. These attributes, together with acidity, also seemed to be perceived more in the pod 
stored samples. Most panelists indicated the dominance of roasted and nutty flavor notes in most of the 
liquors. However, others attributes such as earthiness, fruitiness, floral, smoky and hammy notes were 
generally minimal, and in some cases, greatly masked by the strength of the core attributes. 
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Chapter 5 
Tuning the aroma profiles of Forastero cocoa liquors by varying pod storage and bean roasting 
temperature 
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Abstract 
The unique impact of roasting conditions on the aroma quality of cocoa beans has been demonstrated in 
many studies. However, information on the additional impact of pod storage (PS) and its combined 
effect with roasting temperature (RT) is unknown. Hence, this study sought to elucidate the collective 
contribution of these postharvest/process parameters on the aroma profiles of cocoa liquors produced 
from Forastero cocoa beans. The beans had been subjected to different treatments following a 3×4 full 
factorial experiment, consisting of PS (0, 3, 7 days) and RT (100, 120, 140, 160 °C). Statistical analysis 
of the results from HS-SPME-GC–MS revealed significant (p<0.05) impact of both PS and RT as well 
as their interaction effects on the ten groups of volatiles (acids, alcohols, esters, terpenes, aldehydes, 
ketones, pyrazines, furans, pyrroles and others) and their overall aroma concentration. An exception was 
however noted for aldehydes, where the total concentration was only significantly (p<0.05) influenced 
by the individual effects of PS and RT. A subsequent clustering of the liquors, first on the basis of all 
identified volatiles, then, on the basis of the odor-active volatiles, also revealed similar pattern where 
liquors with high RT's possessed more volatiles with higher concentrations and vice versa. More so, it 
seemed that no or very minimal PS treatment was necessary for preserving more aromatic volatiles with 
typically fruity, floral or spicy flavor notes, whereas, for liquors with volatiles exhibiting more cocoa, 
chocolate, nutty and roasted flavor notes, prolonged PS (> 3 days) treatment was required. These 
findings are expected to challenge the status-quo, specifically in the conventional ways through which 
the aroma potential of ‘bulk’ cocoa may be steered. On the one hand, the idea of manipulating PS 
treatment and roasting conditions may indeed consolidate the possibility of creating diverse and/or 
distinct aroma profiles from the same ‘bulk’ cocoa beans, whereas, on the other hand, it raises the 
question whether the Ghanaian cocoa beans - being described as ‘bulk’ cocoa - could be a consequence 
of prolonged pod storage treatment. 
 
5.1 Introduction  
The rising popularity and acceptability of cocoa-related products such as chocolates hinge on their 
unique flavor attributes. As earlier stated, these vital attributes are however dependent on an assortment 
of factors such as the origin, genetic diversity of the cocoa, as well as various post-harvest and processing 
steps including fermentation, drying, roasting and conching (Jinap et al., 1998; Afoakwa et al., 2008; 
Beckett, 2009; Aprotosoaie et al., 2016; Kongor et al., 2016). Beside these, our studies also revealed the 
significant impact of PS on the flavor potential of cocoa beans (chapters 2 and 4). In the previous chapter, 
the impact of PS, fermentation and roasting and their interactions were demonstrated on the dynamics 
of aroma volatile formation and their perception on a sensorial level. In this study, a further investigation 
was made with respect to the influence of PS in combination with different roasting temperatures (RT’s) 
on the aroma profiles of cocoa.  
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In chapter 2, PS was found to influence the levels of various flavor precursors, namely; reducing sugars 
and free amino acids which invariably contribute to the different volatile formation in the Maillard and 
other reactions during roasting. Being a heating process, the roasting step is primarily known to be a 
function of temperature and time. Here, the heat is required to reduce the moisture content of the beans 
from about 7% to 2%. According to Afoakwa (2016), the penetration of the heat into the bean leads to 
the following physico-chemical modifications; (1) partial denaturation of proteins, (2) degradation of 
amino acids, (3) darkening coloration (due to non-enzymatic browning reactions) and (4) an increased 
friability of the nibs (cotyledons) allowing for easy separation from the shells. But more importantly, 
the roasting process is also marked for its important contribution to the flavor profile of the cocoa beans 
as several of the key aroma volatiles are formed during this stage through a complex series of thermal 
reactions, chief of which is the Maillard reaction (section 1.3.2). 
 
Here, the flavor precursors are converted into desirable aroma volatiles such as; pyrazines, aldehydes, 
ketones, furans, pyrroles, as well as other sulfur-containing compounds which are generally considered 
to be detrimental to the cocoa aroma quality (Counet et al., 2002; Nazaruddin et al., 2006; Frauendorfer 
and Schieberle, 2008). More so, the (in) direct impact of the heat from the roasting process may also be 
seen on other non-Maillard reaction related groups of volatiles such as acids, alcohols, esters and 
terpenes. Even though these are originally linked to various microbial metabolic reactions, other studies 
have also hinted on the impact of the heating process on the release (an unlocking effect on the matrix) 
and transformation of these volatiles from one form to another, thereby, possibly contributing to an 
overall increment in their concentrations (Ramli et al., 2006; Hinneh et al., 2019a). In spite of previous 
studies, there is still limited knowledge on the possibilities of flavor variation with different 
combinations of PS and roasting conditions (e.g. RT). This study was therefore aimed at understanding 
the impact of different levels of PS and RT on the aroma profiles of Forastero cocoa beans. 
 
5.2 Materials and methods 
5.2.1 Sample preparation and experimental design 
Ripe cocoa pods (hybrid type Forastero) were harvested, pod stored, fermented, dried, transported and 
stored as described in sections 2.2.2 and 2.2.3. A 3×4 full factorial design was used, consisting of a 
combination of PS treatments, 0, 3, 7 days and different roasting temperatures (RT’s), 100, 120, 140, 
160 °C at a constant roasting duration of 35 min. Whole bean roasting was done in batches of 700 g 
each in a conventional oven (Termaks, Lien 79, N-5057 Bergen, Norway). First, the oven was pre-heated 
until the set point. The beans were then loaded and evenly spread on the two trays of the oven, after 
which the oven was quickly closed to start the roasting process. In order to assess the effectiveness and 
constancy of the process, the temperature profiles of both the oven and the center of the bean were 
monitored. The latter was achieved by inserting a probe in a bean placed at the center of the oven amidst 
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the other bean samples (see an example in Fig. A.5.1). After roasting, the beans were cooled at room 
temperature, manually deshelled and ground into liquor as explained in section 4.2.1. 
 
5.2.2 Aroma profiling of cocoa liquors 
Aroma analysis was carried out using HS-SPME-GC-MS as described in section 2.2.9. 
 
5.2.3 Statistical analysis 
A general linear model (GLM) was used to explore the impact of factors (PS and RT) and their 
interaction effects on the various groups of volatiles using the model below:  
y = β0 + β1(PS) + β2(RT) + β3(PS*RT) + e (Eqn. 5.1) 
Where y represents concentrations for total volatiles (acids, alcohols, esters, aldehydes, etc.), β0 is the 
constant, PS is the fixed effect of pod storage, RT is the fixed effect of roasting temperature, PS*RT is 
the interaction effect, and e is the residual error. Here, assumptions of normality of residuals, linearity 
of the covariate effect and constancy of the variance were verified beforehand. Additionally, significant 
differences existing among the total concentrations of the different groups of volatiles were also verified 
using analysis of variance (ANOVA) followed by Tukey or Games-Howell post-hoc test, where 
normality and equality of variance were fulfilled or otherwise respectively. These were performed with 
Minitab 18 (Minitab Inc., USA). Finally, principal component analysis (PCA) was used to study the 
relationships among the cocoa liquors based on their aroma profiles using XLSTAT 2014.5.03 
(Addinsoft, USA). All analyses were carried out in triplicate (as technical replicates) unless otherwise 
stated in a specific procedure. Results have been reported in each table as means and standard deviations 
of the recorded values. In the case of highly reproducible data, the calculated standard deviation may be 
much lower than the acceptable number of decimal places for a given parameter - in which case it is 
rounded off to zero.  
 
5.3 Results and discussion  
5.3.1 Volatile acids 
Acetic acid, isovaleric acid and isobutyric acid were the only volatile acids identified in the cocoa 
liquors. Of these, acetic acid was the most abundant, also with the highest OAV’s in all liquors (Table 
5.1 and 5.2). However, evident from the substantial concentrations and odor activities of the other 
volatile acids, they are also expected to contribute to the prevailing sour and vinegar flavor notes 
characteristic of these acids (Jinap and Dimick, 1990; Camu et al., 2008; Frauendorfer and Schieberle, 
2008). A GLM analysis revealed significant (p<0.05) main effects of PS and RT as well as their 
interaction on the total volatile acid concentration (Table 5.3). As usual cocoa beans with 3 days of PS 
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seemed to possess the least amount of acids at any given RT (Fig. 5.1a). This is as a result of reduced 
pulp volume during PS as demonstrated in our previous studies (chapters 2-4). According to Meyer et 
al. (1989), the reduced pulp volume leads to the suppression of the anaerobic phase during the start of 
fermentation. Thereby, the extent of fermentation may be slightly limited, which consequently leads to 
the reduced acidification of the beans as seen in 3PS. Notwithstanding, the concentrations of acids 
increased again when the pods were stored for up to 7 days. In relation to this, we previously suggested 
that the extensive degradation of pulp occurring during the prolonged period of 7 days may have 
enhanced the formation and subsequent diffusion of organic acids along with other pulp constituents 
into the beans (chapter 2). This is then carried on through the fermentation process which may 
consequently lead to an increased acidity as seen in the 7PS liquors. Evidence of this diffusion of acids 
into the bean was further demonstrated by the significantly (p<0.05) high concentration of titratable 
acids quantified in the beans of 7PS (Table 2.3). Meanwhile, sufficiently high levels of acids were also 
measured in the beans from the unstored pods (0PS) probably because the pulp was unaltered in this 
case, thus, allowing the fermentation process to proceed uninfluenced, either via pulp volume reduction 
on the one hand or through the extensive degradation on the other hand as in the respective cases of 3PS 
and 7PS. 
 
Volatile acids were the most predominant among all the volatile groups with the highest concentrations 
identified in 0PS-160 ⁰C liquors, despite the suggested elimination of volatile acids along with the 
roasting process according to Ganvogl et al. (2006) and Ramli et al. (2006). Additionally, within the 
same RT, the volatile acids in 7PS-100 ⁰C and 7PS-120 ⁰C liquors were more abundant than in other 
samples. From Fig. 5.1a, the impact of RT on the levels of volatile acids in 0PS liquor was notable as 
the total concentration increased linearly and significantly (p<0.05) with increasing temperature. This 
is possibly as a result of the unlocking effect of the heat treatment in liberating the acids from the matrix 
as previously suggested. However, there is also evidence of the additional formation of acetic acid 
during the Maillard reaction through hydrolytic or oxidative cleavages of the α-dicarbonyl intermediate 
during sugar fragmentation of the Amadori product (Parker, 2015). Meanwhile, in the case of 3PS and 
7PS liquors, these changes were not significant (p<0.05) at the different RT’s (Table 5.1). 
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Table 5.1: Concentrations (ng/g cocoa liquor) of aroma volatiles identified from cocoa liquors of different pod storage (day) and roasting temperatures (°C) [n = 3] 
No Volatile 0PS-100⁰C 0PS-120⁰C 0PS-140⁰C 0PS-160⁰C 3PS-100⁰C 3PS-120⁰C 3PS-140⁰C 3PS-160⁰C 7PS-100⁰C 7PS-120⁰C 7PS-140⁰C 7PS-160⁰C KI (exp) KI (lit)* 
 Acids   
1 Acetic acid 
19413.91 
± 392.84 
22004.97 
± 1135.78 
32029.61 
± 3126.08 
41578.77 
± 1438.68 
19586.24 
± 1185.18 
17726.55 
± 885.35 
12127.16 
± 289.71 
19192.90 
± 963.68 
30301.37 
± 8679.50 
37931.99 
± 2161.31 
28755.99 
± 1471.16 
30047.65 
± 8.05 
1420.21 
1404-
1477 
2 Isobutyric acid 
2551.11 ± 
52.61 
2656.45 ± 
332.51 
3673.56 ± 
404.15 
3958.33 ± 
37.90 
1553.93 ± 
45.95 
1442.96 ± 
78.48 
889.94 ± 
4.65 
1089.65 ± 
90.41 
- - 
557.83 ± 
33.60 
1906.73 ± 
39.05 
1536.27 
1563-
1588 
3 Isovaleric acid 
3739.68 ± 
65.76 
4225.39 ± 
286.97 
6347.61 ± 
712.67 
6707.74 ± 
88.44 
3651.60 ± 
103.78 
3598.14 ± 
267.23 
3295.53 ± 
52.96 
4138.07 ± 
384.32 
3437.83 ± 
827.80 
4413.65 ± 
163.85 
4044.87 ± 
66.10 
4506.15 ± 
92.94 
1634.20 
1624-
1665 
 Total 
25704.71 
± 
722.96DEF 
28886.80 
± 
730.16CDE 
42050.77 
± 6000.37B 
52244.85 
± 
1963.13A 
24791.76 
± 
1887.85DEF 
22767.66 
± 
1740.97EF 
16312.63 
± 491.18F 
24420.62 
± 
2034.21DEF 
33739.19 
± 
13445.35B
CD 
42345.64 
± 
3288.27AB 
33358.69 
± 
2221.54BCD 
36460.53 
± 198.05BC 
  
 Alcohols   
4 2-Pentanol 
254.83 ± 
26.87 
192.72 ± 
3.02 
154.28 ± 
26.41 
156.73 ± 
5.02 
407.75 ± 
12.45 
289.91 ± 
16.78 
122.27 ± 
2.81 
128.53 ± 
0.54 
281.92 ± 
76.99 
264.07 ± 
17.34 
158.69 ± 
16.87 
103.23 ± 
21.40 
1120.93 1118 
5 Isoamyl alcohol 
371.35 ± 
14.90 
280.91 ± 
4.16 
257.42 ± 
29.03 
279.46 ± 
2.62 
317.66 ± 
33.54 
275.66 ± 
16.25 
141.47 ± 
7.76 
186.54 ± 
22.83 
161.94 ± 
44.84 
108.02 ± 
35.57 
109.71 ± 
15.87 
86.54 ± 
0.23 
1209.17 
1205-
1247 
6 2-Heptanol 
160.25 ± 
10.83 
174.52 ± 
11.10 
197.25 ± 
25.98 
303.95 ± 
9.29 
201.35 ± 
13.56 
278.56 ± 
21.44 
250.52 ± 
37.50 
297.01 ± 
40.24 
102.46 ± 
22.10 
151.05 ± 
11.16 
180.55 ± 
0.08 
166.54 ± 
5.49 
1324.15 
1273-
1332 
7 2,3-Butanediol 
3819.69 ± 
47.37 
4257.70 ± 
18.87 
7044.41 ± 
758.01 
9082.43 ± 
74.91 
3645.36 ± 
117.37 
3325.66 ± 
219.42 
2962.01 ± 
90.05 
4805.82 ± 
377.19 
9402.71 ± 
2523.68 
10185.18 
± 408.58 
10579.93 
± 486.28 
11794.96 
± 120.10 
1517.88 
1492-
1582 
8 1,3-Butanediol 
2620.51 ± 
50.81 
2863.66 ± 
3.44 
4705.75 ± 
349.18 
5641.87 ± 
159.37 
2002.15 ± 
52.05 
2042.04 ± 
187.76 
1909.38 ± 
55.72 
2634.34 ± 
193.82 
3471.42 ± 
963.12 
3691.55 ± 
246.78 
3850.86 ± 
166.69 
4282.05 ± 
34.73 
1549.92 
1566-
1600 
9 Benzyl alcohol 
216.18 ± 
9.67 
186.04 ± 
18.19 
317.48 ± 
17.48 
446.93 ± 
1.54 
204.12 ± 
3.27 
181.61 ± 
18.63 
161.44 ± 
7.37 
333.25 ± 
22.66 
208.49 ± 
55.46 
280.55 ± 
14.72 
278.69 ± 
26.39 
298.16 ± 
20.28 
1810.14 
1837-
1927 
10 2-Phenethyl alcohol 
3786.45 ± 
121.87 
4154.62 ± 
194.51 
6492.84 ± 
924.87 
6369.15 ± 
66.45 
2095.12 ± 
35.22 
2278.26 ± 
140.65 
2107.97 ± 
33.22 
2446.79 ± 
177.62 
2155.54 ± 
529.52 
2801.00 ± 
128.08 
2819.70 ± 
95.95 
2884.49 ± 
54.72 
1839.64 
1837-
1927 
 Total 
11229.26 
± 54.55DE 
12110.15 
± 293.06CD 
19169.43 
± 
3013.62AB 
22280.51 
± 229.77A 
8873.51 ± 
369.00DE 
8671.69 ± 
878.13DE 
7655.06 ± 
110.68E 
10832.28 
± 
1180.73DE 
15784.50 
± 
5961.92BC 
17481.43 
± 1118.75B 
17978.13 
± 
1142.64AB 
19615.97 
± 290.50AB 
  
 Esters   
11 Methyl acetate 
181.76 ± 
2.53 
145.62 ± 
19.00 
356.21 ± 
27.14 
1058.91 ± 
11.14 
134.77 ± 
4.47 
101.77 ± 
7.75 
221.15 ± 
0.97 
625.49 ± 
43.99 
124.12 ± 
29.63 
191.31 ± 
4.96 
285.82 ± 
2.27 
633.17 ± 
21.27 
864.37 
828-
864 
12 Ethyl acetate 
35.35 ± 
3.08 
- - - 
57.90 ± 
9.62 
- - - 
28.97 ± 
12.67 
- - - 921.79 
889-
907 
13 Ethyl isovalerate 
27.38 ± 
1.51 
42.18 ± 
3.20 
47.67 ± 
4.41 
57.46 ± 
9.79 
47.28 ± 
5.05 
38.50 ± 
2.80 
29.74 ± 
0.08 
47.22 ± 
6.04 
35.20 ± 
7.00 
33.23 ± 
3.65 
41.12 ± 
3.32 
44.22 ± 
1.75 
1059.08 1060 
14 2-Methylbutyl acetate 
62.19 ± 
2.18 
129.55 ± 
7.34 
154.91 ± 
18.54 
174.30 ± 
1.67 
182.77 ± 
13.15 
172.54 ± 
12.69 
112.28 ± 
3.14 
129.89 ± 
16.42 
149.93 ± 
16.30 
165.29 ± 
16.92 
238.25 ± 
31.95 
171.55 ± 
12.17 
1063.93 
1055-
1147 
15 Isoamyl acetate 
510.75 ± 
3.64 
873.64 ± 
25.08 
1004.08 ± 
119.55 
1051.74 ± 
2.50 
738.39 ± 
60.01 
665.11 ± 
52.73 
426.33 ± 
4.67 
457.85 ± 
49.24 
372.82 ± 
78.24 
475.48 ± 
32.28 
500.35 ± 
48.36 
418.73 ± 
26.22 
1113.91 1117 
16 Ethyl phenyl acetate 
140.08 ± 
15.04 
169.28 ± 
34.68 
316.03 ± 
48.06 
280.31 ± 
43.45 
113.98 ± 
0.61 
141.08 ± 
14.59 
118.76 ± 
5.40 
148.55 ± 
15.24 
163.26 ± 
40.98 
252.87 ± 
2.95 
274.89 ± 
1.47 
338.41 ± 
16.27 
1733.92 1724 
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No Volatile 0PS-100⁰C 0PS-120⁰C 0PS-140⁰C 0PS-160⁰C 3PS-100⁰C 3PS-120⁰C 3PS-140⁰C 3PS-160⁰C 7PS-100⁰C 7PS-120⁰C 7PS-140⁰C 7PS-160⁰C KI (exp) KI (lit)* 
17 2-Phenyl ethyl acetate 
538.97 ± 
7.22 
554.26 ± 
67.09 
1114.15 ± 
263.38 
907.13 ± 
31.26 
386.46 ± 
2.24 
386.98 ± 
31.12 
327.89 ± 
9.58 
419.21 ± 
39.35 
570.57 ± 
144.49 
774.01 ± 
28.19 
874.60 ± 
52.27 
1177.86 ± 
6.83 
1759.09 
1803-
1821 
18 Butylbenzoate 
123.90 ± 
2.86 
123.35 ± 
17.74 
221.59 ± 
14.95 
346.50 ± 
26.64 
145.67 ± 
15.21 
141.47 ± 
12.17 
120.73 ± 
10.83 
264.61 ± 
13.29 
158.60 ± 
44.96 
225.00 ± 
7.81 
250.13 ± 
16.19 
339.64 ± 
45.21 
1781.28 1839 
 Total 
1620.39 ± 
28.27DE 
2037.87 ± 
175.33CD 
3214.64 ± 
701.48B 
3876.34 ± 
107.82A 
1807.22 ± 
100.42DE 
1647.44 ± 
189.29DE 
1356.88 ± 
35.82E 
2092.81 ± 
259.60CD 
1603.46 ± 
529.29DE 
2117.20 ± 
136.82CD 
2465.16 ± 
72.53C 
3123.57 ± 
55.58B 
  
 Terpenes and terpenoids   
19 Myrcene 
195.67 ± 
17.63 
331.79 ± 
28.91 
509.67 ± 
65.55 
676.10 ± 
22.80 
450.94 ± 
25.59 
253.94 ± 
16.31 
241.48 ± 
0.02 
419.16 ± 
41.74 
288.10 ± 
30.10 
445.48 ± 
13.21 
331.05 ± 
9.19 
340.97 ± 
5.64 
1156.55 
1145-
1180 
20 Cis-ocimene 
310.09 ± 
7.50 
467.25 ± 
21.69 
948.26 ± 
120.53 
772.57 ± 
18.10 
595.64 ± 
28.37 
343.79 ± 
26.98 
359.18 ± 
2.40 
399.69 ± 
46.05 
318.02 ± 
14.83 
395.33 ± 
1.57 
163.58 ± 
7.50 
429.36 ± 
10.03 
1231.35 
1225-
1252 
21 Allo-ocimene - - - 
131.61 ± 
9.32 
- - - 
88.89 ± 
8.65 
- - - 
60.84 ± 
8.42 
1364.84 
1392-
1402 
22 Trans-linalool oxide 
255.73 ± 
11.51 
285.75 ± 
28.63 
391.50 ± 
53.93 
539.97 ± 
10.97 
351.43 ± 
22.17 
318.50 ± 
26.47 
243.89 ± 
5.66 
323.76 ± 
44.76 
261.96 ± 
28.53 
163.87 ± 
62.38 
206.71 ± 
9.14 
149.46 ± 
25.35 
1456.42 
1451-
1453 
23 Linalool 
422.88 ± 
35.01 
693.09 ± 
45.71 
740.23 ± 
125.02 
998.75 ± 
48.65 
666.48 ± 
14.16 
643.23 ± 
55.57 
742.85 ± 
139.90 
906.87 ± 
72.15 
594.98 ± 
146.58 
751.87 ± 
31.64 
482.77 ± 
37.20 
583.30 ± 
12.09 
1525.75 1537 
24 Epoxylinalol 
95.50 ± 
27.02 
108.52 ± 
24.41 
164.73 ± 
36.92 
210.36 ± 
34.31 
92.76 ± 
6.65 
84.68 ± 
9.72 
80.88 ± 
1.56 
120.69 ± 
21.99 
150.61 ± 
48.35 
193.36 ± 
9.34 
171.46 ± 
19.92 
175.40 ± 
25.98 
1720.62 
1423-
1468 
 Total 
1279.86 ± 
139.52G 
1886.40 ± 
211.20CDEF 
2754.40 ± 
568.45B 
3329.35 ± 
35.21A 
2157.24 ± 
5.84CD 
1644.13 ± 
191.00DEFG 
1668.27 ± 
195.43DEFG 
2259.05 ± 
332.82BC 
1613.68 ± 
379.56EFG 
1949.91 ± 
9.35CDE 
1355.58 ± 
91.47FG 
1739.33 ± 
79.42CDEFG 
  
 Aldehydes   
25 Isobutanal 
124.79 ± 
2.42 
156.63 ± 
29.18 
188.48 ± 
45.50 
292.05 ± 
32.56 
140.91 ± 
5.25 
176.73 ± 
0.26 
174.51 ± 
8.15 
210.71 ± 
31.76 
87.15 ± 
27.85 
158.02 ± 
5.34 
112.57 ± 
10.54 
147.83 ± 
15.74 
829.22 
611-
834 
26 2-Methylbutanal 
133.83 ± 
0.25 
157.65 ± 
6.21 
257.74 ± 
38.43 
573.78 ± 
9.46 
148.07 ± 
16.52 
181.23 ± 
9.29 
203.69 ± 
1.52 
428.76 ± 
49.20 
107.61 ± 
30.09 
206.87 ± 
14.03 
259.55 ± 
56.44 
342.25 ± 
24.67 
931.88 
864-
936 
27 3-Methylbutanal 
545.33 ± 
12.09 
654.28 ± 
34.37 
826.03 ± 
164.47 
721.44 ± 
24.05 
500.76 ± 
21.46 
641.52 ± 
44.65 
581.07 ± 
17.69 
491.67 ± 
46.46 
335.73 ± 
96.99 
676.63 ± 
36.59 
610.59 ± 
34.17 
382.10 ± 
16.01 
934.15 
912-
936 
28 Benzaldehyde 
1795.37 ± 
187.23 
1730.48 ± 
116.39 
1683.77 ± 
229.34 
1013.48 ± 
36.04 
1577.84 ± 
57.22 
1576.77 ± 
133.20 
981.52 ± 
1.87 
725.03 ± 
53.74 
1061.60 ± 
254.92 
1107.23 ± 
56.90 
692.51 ± 
42.96 
454.87 ± 
4.77 
1490.02 
1486-
1568 
29 2-Phenyl-2-butenal 
713.89 ± 
20.84 
979.01 ± 
97.69 
1012.47 ± 
157.41 
617.15 ± 
13.59 
174.15 ± 
3.85 
251.76 ± 
11.13 
251.85 ± 
0.63 
203.29 ± 
13.19 
179.73 ± 
34.42 
397.20 ± 
17.59 
329.86 ± 
4.16 
184.71 ± 
12.34 
1851.91 
1872-
1965 
30 
Methyl phenyl 
pentenal 
- 
67.83 ± 
17.88 
165.69 ± 
26.67 
168.69 ± 
0.79 
- 
66.03 ± 
2.76 
77.59 ± 
1.22 
110.87 ± 
7.72 
- 
64.42 ± 
4.65 
94.52 ± 
2.05 
177.76 ± 
59.59 
1863.13 1932 
31 
5-Methyl-2-phenyl-2-
hexenal 
196.24 ± 
11.22 
440.63 ± 
93.93 
699.47 ± 
159.27 
369.80 ± 
12.63 
174.92 ± 
27.88 
302.38 ± 
6.46 
283.45 ± 
8.24 
204.08 ± 
9.12 
98.05 ± 
20.24 
330.23 ± 
20.09 
437.78 ± 
3.82 
286.66 ± 
11.18 
1968.99 2083 
 Total 
3509.45 ± 
330.28BCD 
4186.51 ± 
559.52AB 
4833.66 ± 
1161.18A 
3756.40 ± 
85.58BC 
2716.64 ± 
108.10DEFG 
3196.44 ± 
293.81BCDE 
2553.69 ± 
48.54DEFG 
2374.42 ± 
298.68EFG 
1869.87 ± 
656.93G 
2940.60 ± 
219.48CDEF 
2537.36 ± 
207.19DEFG 
1976.18 ± 
146.05FG 
  
 Ketones   
32 2-Propanone 
108.97 ± 
37.21 
90.85 ± 
3.04 
114.25 ± 
30.60 
298.92 ± 
31.50 
23.24 ± 
2.85 
37.45 ± 
12.60 
55.16 ± 
9.36 
201.90 ± 
10.36 
18.96 ± 
10.14 
50.45 ± 
5.40 
83.65 ± 
7.83 
143.06 ± 
7.42 
833.16 
753-
845 
33 2-Butanone - 
41.73 ± 
6.97 
96.96 ± 
20.52 
225.70 ± 
13.18 
- - 
63.25 ± 
5.46 
119.03 ± 
9.78 
- - 
58.88 ± 
4.14 
118.40 ± 
1.35 
926.50 
917-
950 
34 2-Pentanone 
295.91 ± 
40.74 
208.20 ± 
0.68 
133.02 ± 
4.41 
120.64 ± 
2.25 
379.11 ± 
24.45 
171.33 ± 
8.80 
81.71 ± 
2.90 
95.75 ± 
12.12 
506.17 ± 
179.51 
404.76 ± 
23.74 
170.71 ± 
1.49 
- 972.52 983 
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35 3-Penten-2-one 
204.11 ± 
28.13 
163.59 ± 
18.88 
118.09 ± 
16.49 
69.98 ± 
1.93 
280.26 ± 
30.18 
211.75 ± 
9.64 
100.17 ± 
1.51 
48.78 ± 
2.03 
209.39 ± 
39.98 
127.53 ± 
0.95 
42.48 ± 
4.15 
24.09 ± 
1.40 
1111.03 1123 
36 2-Heptanone 
109.49 ± 
11.21 
139.79 ± 
4.88 
240.03 ± 
7.45 
0.00 ± 
0.00 
170.09 ± 
27.76 
171.09 ± 
10.62 
165.35 ± 
3.02 
- 
108.10 ± 
25.10 
103.68 ± 
7.50 
175.21 ± 
12.39 
- 1174.30 
1160-
1181 
37 3-Hydroxy-2-butanone 
2160.46 ± 
85.48 
1796.14 ± 
59.91 
792.46 ± 
54.54 
153.34 ± 
2.07 
1761.59 ± 
120.42 
849.52 ± 
43.32 
252.05 ± 
3.50 
142.37 ± 
13.50 
4127.24 ± 
1221.23 
3938.13 ± 
183.67 
857.30 ± 
28.96 
107.10 ± 
29.85 
1274.41 
1272-
1295 
38 
1-Hydroxy-2-
propanone 
73.86 ± 
9.88 
281.66 ± 
10.14 
85.19 ± 
1.55 
0.00 ± 
0.00 
123.44 ± 
9.50 
275.41 ± 
18.42 
183.69 ± 
5.02 
- 
101.41 ± 
27.24 
324.75 ± 
16.27 
- - 1286.88 
1300-
1323 
39 2-Nonanone 
98.66 ± 
29.06 
0.00 ± 
0.00 
0.00 ± 
0.00 
0.00 ± 
0.00 
83.12 ± 
0.83 
248.70 ± 
11.65 
- - 
89.50 ± 
20.09 
170.13 ± 
1.98 
- - 1381.48 1388 
40 Acetophenone 
316.12 ± 
34.62 
331.50 ± 
73.81 
725.80 ± 
113.60 
950.96 ± 
144.23 
440.21 ± 
16.27 
524.11 ± 
55.94 
449.11 ± 
8.86 
684.78 ± 
16.11 
453.10 ± 
119.07 
649.64 ± 
21.19 
719.73 ± 
48.72 
931.30 ± 
5.32 
1606.15 
1600-
1655 
41 
2-Hydroxy-3-methyl-2-
cyclopenten-1-one 
- - 
423.39 ± 
124.54 
 
520.62 ± 
36.20 
 
- - 
181.87 ± 
64.84 
290.31 ± 
23.40 
- - 
285.90 ± 
21.59 
434.07 ± 
19.24 
1770.15 
1784-
1861 
 Total 
3367.59 ± 
285.54B 
3053.46 ± 
49.22BCD 
2729.18 ± 
524.10BCDE 
2340.15 ± 
188.60BCDE 
3261.05 ± 
272.04BC 
2489.36 ± 
241.81BCDE 
1532.36 ± 
77.45E 
1582.92 ± 
123.46DE 
5613.87 ± 
2265.83A 
5769.07 ± 
363.11A 
2393.86 ± 
166.90BCDE 
1758.03 ± 
6.91CDE 
  
 Pyrazines   
42 Methylpyrazine - 
170.87 ± 
12.26 
730.59 ± 
77.80 
1677.07 ± 
6.62 
- 
273.90 ± 
14.20 
560.59 ± 
11.22 
1470.66 ± 
110.48 
- 
155.40 ± 
9.06 
402.97 ± 
30.39 
842.31 ± 
16.61 
1257.25 1251 
43 2,5-Dimethylpyrazine - 
253.42 ± 
34.82 
1291.31 ± 
77.54 
2970.31 ± 
8.08 
- 
385.19 ± 
28.49 
959.52 ± 
1.86 
2277.45 ± 
235.59 
- 
378.16 ± 
17.81 
1220.08 ± 
73.39 
2415.75 ± 
48.68 
1315.22 
1290-
1358 
44 2,6-Dimethylpyrazine - 
179.40 ± 
11.42 
736.54 ± 
96.89 
1331.91 ± 
51.78 
- 
222.98 ± 
15.09 
439.02 ± 
5.14 
1010.73 ± 
98.29 
- 
217.22 ± 
9.81 
509.19 ± 
28.93 
981.99 ± 
24.08 
1321.21 
1300-
1370 
45 Ethylpyrazine - - 
206.42 ± 
20.44 
508.16 ± 
19.20 
- - 
164.73 ± 
38.89 
353.01 ± 
52.95 
- 
32.27 ± 
2.33 
107.55 ± 
11.97 
252.75 ± 
6.96 
1326.11 
1323-
1343 
46 2,3-Dimethylpyrazine 
90.86 ± 
3.09 
211.22 ± 
12.20 
723.45 ± 
123.51 
1724.73 ± 
379.86 
97.48 ± 
3.69 
177.91 ± 
28.36 
263.08 ± 
0.84 
592.84 ± 
66.59 
187.34 ± 
48.70 
400.75 ± 
21.72 
1089.16 ± 
108.80 
1607.24 ± 
16.99 
1337.76 
1315-
1344 
47 
2-Ethyl-6-
methylpyrazine 
- 
164.41 ± 
12.80 
778.13 ± 
110.30 
1552.00 ± 
5.71 
- 
109.79 ± 
9.33 
338.77 ± 
4.45 
783.78 ± 
80.74 
- 
113.66 ± 
3.61 
425.98 ± 
19.06 
890.57 ± 
16.60 
1376.52 
1381-
1415 
48 
2-Ethyl-5-
methylpyrazine 
- 
177.71 ± 
11.13 
1476.38 ± 
255.14 
2126.89 ± 
25.91 
- - 
783.39 ± 
20.07 
1399.65 ± 
137.19 
- 
168.85 ± 
38.00 
1060.91 ± 
27.62 
1623.18 ± 
33.60 
1382.14 
1386-
1453 
49 Trimethylpyrazine 
260.08 ± 
12.62 
916.40 ± 
60.91 
4080.85 ± 
573.11 
6213.86 ± 
38.36 
255.04 ± 
19.45 
685.26 ± 
47.33 
1443.74 ± 
1.75 
2616.44 ± 
246.14 
669.16 ± 
179.58 
2619.68 ± 
115.61 
6366.69 ± 
346.57 
10289.81 
± 839.23 
1396.67 
1381-
1413 
50 
3-Ethyl-2,5-
dimethylpyrazine 
- - 
2476.66 ± 
246.56 
5002.10 ± 
625.66 
- - 
399.99 ± 
12.79 
3686.11 ± 
287.18 
- - 
1496.28 ± 
104.04 
5075.88 ± 
144.30 
1432.57  
51 
5-Ethyl-2,3-
dimethylpyrazine 
102.27 ± 
42.95 
387.60 ± 
76.53 
1255.34 ± 
214.41 
2804.13 ± 
826.89 
132.01 ± 
6.56 
144.18 ± 
6.50 
2047.54 ± 
227.59 
940.08 ± 
82.92 
- 
682.47 ± 
34.46 
3991.48 ± 
209.78 
2979.91 ± 
384.78 
1446.35  
52 Tetramethylpyrazine 
1058.87 ± 
9.19 
1452.58 ± 
1.33 
2775.58 ± 
363.53 
3278.55 ± 
13.53 
660.08 ± 
22.34 
598.85 ± 
32.51 
615.06 ± 
2.81 
860.54 ± 
126.31 
5242.43 ± 
1321.50 
8715.05 ± 
361.88 
9867.47 ± 
290.67 
11704.42 
± 174.74 
1458.75 
1438-
1474 
53 
2,3,5-Trimethyl-6-
ethylpyrazine 
- 
365.66 ± 
20.75 
1017.23 ± 
151.77 
1532.98 ± 
3.31 
- 
110.93 ± 
10.00 
222.36 ± 
2.33 
389.54 ± 
29.98 
139.21 ± 
43.73 
698.14 ± 
28.14 
1363.53 ± 
39.08 
2046.95 ± 
37.20 
1493.62  
54 
2-Isoamyl-6-
methylpyrazine 
- - - 
121.32 ± 
6.64 
- - 
33.11 ± 
3.99 
77.38 ± 
9.18 
- - 
43.03 ± 
1.29 
177.33 ± 
3.64 
1591.14  
55 
2-Acetyl-3-
methylpyrazine 
- - - - - - - - - - 
154.25 ± 
14.73 
135.67 ± 
8.16 
1647.37 1635 
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56 
2-Methyl 5H-6,7-
dihydrocyclopentapyr
azine 
- - - 
339.58 ± 
10.72 
- - - 
229.63 ± 
24.81 
- - 
167.25 ± 
6.73 
392.81 ± 
11.09 
1670.86  
 Total 
1512.08 ± 
69.97G 
4279.26 ± 
321.16FG 
17548.48 
± 3048.93C 
31183.59 
± 970.54B 
1144.61 ± 
73.61G 
2708.99 ± 
271.25G 
8270.89 ± 
448.84E 
16687.83 
± 
2246.28CD 
6238.13 ± 
2253.56EF 
14181.65 
± 901.93D 
28265.82 
± 1853.30B 
41416.57 
± 124.73A 
  
 Furans, furanones, pyrans, pyrones   
57 Rose oxide 
226.10 ± 
21.98 
1488.25 ± 
174.41 
3889.14 ± 
825.10 
3174.29 ± 
6.57 
272.31 ± 
4.40 
1255.47 ± 
101.47 
1902.92 ± 
18.53 
1976.50 ± 
179.50 
185.04 ± 
33.49 
1409.25 ± 
50.45 
2720.16 ± 
110.70 
2033.27 ± 
147.76 
1352.73 
1337-
1370 
58 Furfural 
244.11 ± 
36.40 
355.88 ± 
12.20 
430.17 ± 
9.02 
899.65 ± 
53.00 
223.59 ± 
12.62 
270.10 ± 
15.84 
253.47 ± 
4.92 
618.93 ± 
51.68 
- 
269.29 ± 
9.02 
262.40 ± 
21.26 
415.61 ± 
7.54 
1439.78 
1425-
1486 
59 2-Acetylfuran - 
115.25 ± 
5.28 
357.46 ± 
36.42 
963.62 ± 
427.97 
- 
101.43 ± 
16.61 
242.56 ± 
85.81 
432.57 ± 
13.00 
- 
264.52 ± 
18.60 
438.36 ± 
81.99 
565.80 ± 
34.85 
1476.93 
1435-
1490 
60 Gamma-butyrolactone 
220.19 ± 
6.94 
363.65 ± 
1.03 
745.64 ± 
70.24 
1183.73 ± 
53.03 
233.52 ± 
6.83 
306.14 ± 
26.86 
446.36 ± 
31.99 
757.00 ± 
43.47 
384.32 ± 
97.86 
616.53 ± 
34.60 
752.12 ± 
7.59 
1049.34 ± 
11.13 
1580.63 
1595-
1673 
61 Furfuryl alcohol 
182.77 ± 
30.99 
685.62 ± 
50.54 
1538.28 ± 
153.41 
1962.43 ± 
39.70 
226.12 ± 
13.57 
709.12 ± 
75.02 
851.51 ± 
7.47 
1185.50 ± 
98.07 
345.90 ± 
111.10 
1030.80 ± 
79.99 
1257.28 ± 
83.99 
1201.06 ± 
24.78 
1623.46 
1614-
1686 
62 2(5H)-furanone - - - 
373.99 ± 
30.90 
- - - 
205.08 ± 
15.52 
- - - 
302.29 ± 
6.50 
1695.03  
63 
Tetrahydro-2H-pyran-
2-one 
85.51 ± 
26.39 
229.17 ± 
38.91 
271.03 ± 
14.44 
452.86 ± 
14.81 
72.74 ± 
5.29 
111.99 ± 
19.46 
108.83 ± 
15.39 
147.38 ± 
3.87 
- - - - 1739.97  
64 
5,6-Dihydro-4-methyl-
2H-pyran-2-one 
- - - 
112.30 ± 
3.78 
- - - 
62.46 ± 
6.33 
- - - 
112.78 ± 
0.45 
1917.62  
65 Pantoic lactone - 
113.88 ± 
6.62 
253.83 ± 
38.16 
273.95 ± 
2.23 
- 
89.34 ± 
5.29 
128.03 ± 
3.56 
185.83 ± 
16.54 
- 
122.60 ± 
6.03 
208.03 ± 
23.02 
215.71 ± 
1.41 
1930.85 2033 
66 
2,5-Dimethyl-4-
hydroxy-3(2H)-
furanone 
- 
118.82 ± 
24.73 
- - - 
155.91 ± 
7.89 
- - - 
298.40 ± 
19.30 
- - 1938.74 
2016-
2072 
67 
2,3-Dihydro-3,5-
dihydroxy-6-methyl-
4H-pyran-4-one 
579.32 ± 
74.22 
910.64 ± 
104.21 
1057.79 ± 
104.32 
220.42 ± 
22.52 
395.03 ± 
93.40 
1131.50 ± 
66.60 
375.71 ± 
16.66 
146.04 ± 
57.50 
820.70 ± 
228.26 
1457.79 ± 
89.56 
598.11 ± 
28.96 
117.64 ± 
5.10 
2106.72 2211 
 Total 
1538.00 ± 
6.42E 
4381.17 ± 
557.39CD 
8543.35 ± 
1769.34A 
9617.25 ± 
802.64A 
1423.32 ± 
71.67E 
4131.00 ± 
473.82D 
4309.39 ± 
139.00CD 
5717.29 ± 
649.83BC 
1735.95 ± 
665.68E 
5469.18 ± 
409.44BCD 
6236.47 ± 
252.22B 
6013.50 ± 
183.36B 
  
 Pyrroles   
68 Isoamylpyrrole - - - 
277.18 ± 
3.98 
- - - 
142.36 ± 
14.74 
- - - 
239.58 ± 
2.99 
1373.55  
69 
1-Ethyl-2-
formylpyrrole 
- - - 
314.20 ± 
0.50 
- - - 
144.85 ± 
9.50 
- - - 
176.88 ± 
24.51 
1569.01  
70 
2-Formyl-1-
methylpyrrole 
- - - 
201.73 ± 
35.77 
- - - 
186.86 ± 
9.44 
- - - 
185.61 ± 
3.68 
1578.27 1637 
71 
1-Isoamyl-2-
formylpyrrole 
- - - 
351.64 ± 
2.29 
- - - 
170.62 ± 
10.77 
- - - 
103.56 ± 
14.41 
1749.57  
72 2-Acetylpyrrole 
157.92 ± 
0.33 
461.56 ± 
53.66 
1053.87 ± 
164.80 
1096.08 ± 
84.59 
148.97 ± 
4.51 
447.15 ± 
18.31 
419.62 ± 
37.95 
661.84 ± 
66.22 
240.29 ± 
66.27 
798.75 ± 
33.13 
973.22 ± 
35.17 
1301.81 ± 
5.22 
1885.49 1950 
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No Volatile 0PS-100⁰C 0PS-120⁰C 0PS-140⁰C 0PS-160⁰C 3PS-100⁰C 3PS-120⁰C 3PS-140⁰C 3PS-160⁰C 7PS-100⁰C 7PS-120⁰C 7PS-140⁰C 7PS-160⁰C KI (exp) KI (lit)* 
73 2-Formylpyrrole - - 
182.73 ± 
20.94 
681.84 ± 
25.89 
- - 
78.94 ± 
1.02 
424.14 ± 
33.07 
- - 
108.16 ± 
1.59 
451.94 ± 
2.34 
1925.12 2032 
 Total 
157.92 ± 
0.47G 
461.56 ± 
75.89F 
1236.60 ± 
262.68D 
2922.67 ± 
214.98A 
148.97 ± 
6.38G 
447.15 ± 
25.89F 
498.56 ± 
52.22F 
1730.68 ± 
203.29C 
240.29 ± 
93.72FG 
798.75 ± 
46.85E 
1081.38 ± 
51.99D 
2459.39 ± 
56.30B 
  
 Others   
74 Dimethyldisulfide - - 
113.48 ± 
13.70 
218.62 ± 
18.57 
- 
61.65 ± 
2.26 
62.16 ± 
0.60 
145.33 ± 
15.83 
- 
70.91 ± 
5.92 
105.21 ± 
29.30 
157.75 ± 
0.92 
1054.00 
1044-
1105 
75 Dimethyltrisulfide - - - 
241.23 ± 
82.33 
- - - 
179.96 ± 
32.07 
- - - 
320.76 ± 
13.28 
1360.88 1377 
76 Benzonitrile 
168.91 ± 
6.31 
293.06 ± 
17.51 
498.87 ± 
57.30 
653.66 ± 
3.47 
194.77 ± 
23.72 
237.62 ± 
24.73 
218.84 ± 
14.43 
353.55 ± 
25.56 
157.24 ± 
47.89 
182.65 ± 
0.28 
227.00 ± 
19.29 
363.83 ± 
67.90 
1561.09 1286 
77 2-Methoxyphenol 
70.64 ± 
1.62 
138.77 ± 
19.30 
140.66 ± 
1.00 
471.90 ± 
9.78 
80.85 ± 
1.81 
69.89 ± 
4.06 
66.83 ± 
1.43 
284.73 ± 
18.55 
122.99 ± 
32.88 
290.92 ± 
16.36 
440.43 ± 
35.91 
399.75 ± 
4.78 
1793.67 
1848-
1883 
78 Phenol - - 
56.81 ± 
9.23 
71.26 ± 
24.76 
- - 
26.50 ± 
0.64 
60.45 ± 
4.73 
- - 
60.12 ± 
6.86 
85.68 ± 
6.50 
1913.31  
79 
2-Amino-6-
(tertbutyl)pyridine 
- - - - - - - - - - - 
260.03 ± 
8.27 
1452.54  
80 2-Pyrrolidinone - - 
166.83 ± 
34.99 
695.18 ± 
14.84 
- - 
201.41 ± 
3.45 
562.56 ± 
39.20 
- - 
539.65 ± 
18.32 
1312.49 ± 
19.01 
1937.97 
1988-
2037 
 Total 
239.54 ± 
6.63G 
431.82 ± 
52.05FG 
976.65 ± 
161.55E 
2351.85 ± 
85.07B 
275.62 ± 
36.10G 
369.16 ± 
43.91FG 
575.74 ± 
23.21F 
1586.58 ± 
192.25C 
280.23 ± 
114.22G 
544.49 ± 
31.91F 
1372.41 ± 
155.09D 
2900.30 ± 
21.40A 
  
 Grand total 
50158.79 
± 984.05DE 
61715.01 
± 
1564.66DE 
103057.16 
± 
17211.70B
C 
133902.97 
± 
3419.97A 
46599.94 
± 2787.66E 
48073.01 
± 
4349.88DE 
44733.47 
± 525.46E 
69284.49 
± 
7521.15D 
68719.18 
± 
26366.07D 
93597.90 
± 6507.23C 
97044.86 
± 
6110.89BC 
117463.37 
± 481.34AB 
  
For total volatile groups, each row with different alphabets represent significant differences (p<0.05) among samples. (*) KI (lit) sourced from webbook.nist.gov or 
pherobase.com 
 
Table 5.2: Odor activity values of aroma volatiles identified from cocoa liquors of different pod storage (day) and roasting temperatures (°C) 
No Volatile 
OTV 
(ng/g) 
0PS-
100⁰C 
0PS-
120⁰C 
0PS-
140⁰C 
0PS-
160⁰C 
3PS-
100⁰C 
3PS-
120⁰C 
3PS-
140⁰C 
3PS-
160⁰C 
7PS-
100⁰C 
7PS-
120⁰C 
7PS-
140⁰C 
7PS-
160⁰C 
Aroma 
description* 
 Acids  
1 Acetic acid 
124 – 
750 
25.9 – 
156.6 
29.3 – 
177.5 
42.7 – 
258.3 
55.4 – 
335.3 
26.1 – 
158.0 
23.6 – 
143.0 
16.2 – 
97.8 
25.6 – 
154.8 
40.4 – 
244.4 
50.6 – 
305.9 
38.3 – 
231.9 
40.1 – 
242.3 
Sour, vinegar 
2 Isobutyric acid 
190 – 
755 
3.4 – 
13.4 
3.5 – 
14.0 
4.9 – 
19.3 
5.2 – 
20.8 
2.1 – 8.2 1.9 – 7.6 1.2 – 4.7 1.4 – 5.7 0.0 0.0 0.7 – 2.9 
2.5 – 
10.0 
Rancid butter 
3 Isovaleric acid 
22 – 
1000 
3.7 – 
170.0 
4.2 – 
192.1 
6.3 – 
288.5 
6.7 – 
304.9 
3.7 – 
166.0 
3.6 – 
163.6 
3.3 – 
149.8 
4.1 – 
188.1 
3.4 – 
156.3 
4.4 – 
200.6 
4.0 – 
183.9 
4.5 – 
204.8 
Sweat, rancid 
125 
  
No Volatile 
OTV 
(ng/g) 
0PS-
100⁰C 
0PS-
120⁰C 
0PS-
140⁰C 
0PS-
160⁰C 
3PS-
100⁰C 
3PS-
120⁰C 
3PS-
140⁰C 
3PS-
160⁰C 
7PS-
100⁰C 
7PS-
120⁰C 
7PS-
140⁰C 
7PS-
160⁰C 
Aroma 
description* 
 Alcohols  
4 Isoamyl alcohol 100 3.7 2.8 2.6 2.8 3.2 2.8 1.4 1.9 1.6 1.1 1.1 0.9 Banana 
5 2-Heptanol 10 16.0 17.5 19.7 30.4 20.1 27.9 25.1 29.7 10.2 15.1 18.1 16.7 
Fruity: citrus, 
herbal 
6 Benzyl alcohol 
5100 – 
900000 
0.0 0.0 0.0 – 0.1 0.0 – 0.1 0.0 0.0 0.0 0.0 – 0.1 0.0 0.0 – 0.1 0.0 – 0.1 0.0 – 0.1 Sweet, floral 
7 2-Phenethyl alcohol 10-590 
6.4 – 
378.6 
7.0 – 
415.5 
11.0 – 
649.3 
10.8 – 
636.9 
3.6 – 
209.5 
3.9 – 
227.8 
3.6 – 
210.8 
4.1 – 
244.7 
3.7 – 
215.6 
4.7 – 
280.1 
4.8 – 
282.0 
4.9 – 
288.4 
Floral 
 Esters  
8 Methyl acetate 2000 0.1 0.1 0.2 0.5 0.1 0.1 0.1 0.3 0.1 0.1 0.1 0.3 
Pleasant, fruity, 
slightly bitter 
9 Ethyl acetate 
940 – 
33500 
0.0 0.0 0.0 0.0 0.0 – 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 Fruity: pineapple 
10 Ethyl isovalerate 0.1 – 73 
0.4 – 
273.8 
0.6 – 
421.8 
0.7 – 
476.7 
0.8 – 
574.6 
0.6 – 
472.8 
0.5 – 
385.0 
0.4 – 
297.4 
0.6 – 
472.2 
0.5 – 
352.0 
0.5 – 
332.3 
0.6 – 
411.2 
0.6 – 
442.2 
Fruity 
11 2-Methylbutyl acetate 1900 0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 - 
12 Isoamyl acetate 9.6 53.2 91.0 104.6 109.6 76.9 69.3 44.4 47.7 38.8 49.5 52.1 43.6 Fruity: banana 
13 Ethyl phenyl acetate 73 – 100 1.4 – 1.9 1.7 – 2.3 3.2 – 4.3 2.8 – 3.8 1.1 – 1.6 1.4 – 1.9 1.2 – 1.6 1.5 – 2.0 1.6 – 2.2 2.5 – 3.5 2.7 – 3.8 3.4 – 4.6 Fruity, sweet 
14 2-Phenyl ethyl acetate 
137 – 
233 
2.3 – 3.9 2.4 – 4.0 4.8 – 8.1 3.9 – 6.6 1.7 – 2.8 1.7 – 2.8 1.4 – 2.4 1.8 – 3.1 2.4 – 4.2 3.3 – 5.6 3.8 – 6.4 5.1 – 8.6 Honey, floral 
 Terpenes and terpenoids  
15 Myrcene 9.18 21.3 36.1 55.5 73.6 49.1 27.7 26.3 45.7 31.4 48.5 36.1 37.1 
Balsamic, must, 
spicy 
16 Linalool  37 11.4 18.7 20.0 27.0 18.0 17.4 20.1 24.5 16.1 20.3 13.0 15.8 Floral 
 Aldehydes  
17 Isobutanal  3.4 36.7 46.1 55.4 85.9 41.4 52.0 51.3 62.0 25.6 46.5 33.1 43.5 - 
18 2-Methylbutanal 
2.2 – 
152 
0.9 – 
60.8 
1.0 – 
71.7 
1.7 – 
117.2 
3.8 – 
260.8 
1.0 – 
67.3 
1.2 – 
82.4 
1.3 – 
92.6 
2.8 – 
194.9 
0.7 – 
48.9 
1.4 – 
94.0 
1.7 – 
118.0 
2.3 – 
155.6 
Cocoa, chocolate 
19 3-Methylbutanal 5.4 – 80 
6.8 – 
101.0 
8.2 – 
121.2 
10.3 – 
153.0 
9.0 – 
133.6 
6.3 – 
92.7 
8.0 – 
118.8 
7.3 – 
107.6 
6.1 – 
91.1 
4.2 – 
62.2 
8.5 – 
125.3 
7.6 – 
113.1 
4.8 – 
70.8 
Cocoa, chocolate 
20 Benzaldehyde 60 29.9 28.8 28.1 16.9 26.3 26.3 16.4 12.1 17.7 18.5 11.5 7.6 
Almond, burnt 
sugar 
 Ketones  
21 2-Propanone 
16000 – 
57000 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 - 
22 2-Butanone 
44000 – 
90000 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 - 
23 2-Pentanone                                               288000 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Fruity: banana, 
sweet 
24 2-Heptanone  
1500 – 
34000 
0.0 – 0.1 0.0 – 0.1 0.0 – 0.2 0.0 0.0 – 0.1 0.0 – 0.1 0.0 – 0.1 0.0 0.0 – 0.1 0.0 – 0.1 0.0 – 0.1 0.0 Fruity, floral 
25 3-Hydroxy-2-butanone 8800 0.2 0.2 0.1 0.0 0.2 0.1 0.0 0.0 0.5 0.4 0.1 0.0 Butter, cream 
26 2-Nonanone 100 1.0 0.0 0.0 0.0 0.8 2.5 0.0 0.0 0.9 1.7 0.0 0.0 
Hot milk, green, 
fruity 
27 Acetophenone 5629 0.1 0.1 0.1 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.2 Floral, almond 
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No Volatile 
OTV 
(ng/g) 
0PS-
100⁰C 
0PS-
120⁰C 
0PS-
140⁰C 
0PS-
160⁰C 
3PS-
100⁰C 
3PS-
120⁰C 
3PS-
140⁰C 
3PS-
160⁰C 
7PS-
100⁰C 
7PS-
120⁰C 
7PS-
140⁰C 
7PS-
160⁰C 
Aroma 
description* 
 Pyrazines  
28 Methylpyrazine 27000 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 
Nutty, chocolate, 
cocoa, roasted-
nuts 
29 2,5-Dimethylpyrazine 
2600 – 
17000 
0.0 0.0 – 0.1 0.1 – 0.5 0.2 – 1.1 0.0 0.0 – 0.1 0.1 – 0.4 0.1 – 0.9 0.0 0.0 – 0.1 0.1 – 0.5 0.1 – 0.9 
Cocoa, roasted 
nuts, green, rum 
30 2,6-Dimethylpyrazine 
1021 – 
8000 
0.0 0.0 – 0.2 0.1 – 0.7 0.2 – 1.3 0.0 0.0 – 0.2 0.1 – 0.4 0.1 – 1.0 0.0 0.0 – 0.2 0.1 – 0.5 0.1 – 1.0 
Nutty, coffee, 
green 
31 Ethylpyrazine 20.08 0.0 0.0 10.3 25.3 0.0 0.0 8.2 17.6 0.0 1.6 5.4 12.6 
Peanut butter, 
musty, nutty 
32 2,3-Dimethylpyrazine 123 0.7 1.7 5.9 14.0 0.8 1.4 2.1 4.8 1.5 3.3 8.9 13.1 Caramel, cocoa 
33 
2-Ethyl-6-
methylpyrazine 
320 0.0 0.5 2.4 4.8 0.0 0.3 1.1 2.4 0.0 0.4 1.3 2.8 
Cocoa, roasted, 
green 
34 Trimethylpyrazine 290 0.9 3.2 14.1 21.4 0.9 2.4 5.0 9.0 2.3 9.0 22.0 35.5 
Cocoa, roasted 
nuts, peanuts 
35 
3-Ethyl-2,5-
dimethylpyrazine 
166 0.0 0.0 14.9 30.1 0.0 0.0 2.4 22.2 0.0 0.0 9.0 30.6 Earthy, roasted 
36 
5-Ethyl-2,3-
dimethylpyrazine 
60 1.7 6.5 20.9 46.7 2.2 2.4 34.1 15.7 0.0 11.4 66.5 49.7 - 
37 Tetramethylpyrazine 38000 0.0 0.0 0.1 0.1 0.0 0.0 0.0 0.0 0.1 0.2 0.3 0.3 
Chocolate, cocoa, 
coffee, roasted 
 Furans, furanones, pyrans, pyrones  
38 Furfural 5800 0.0 0.1 0.1 0.2 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.1 
Almond, mild, 
oily 
39 Gamma-butyrolactone 35 6.3 10.4 21.3 33.8 6.7 8.7 12.8 21.6 11.0 17.6 21.5 30.0 caramel, sweet 
40 2-Furanmethanol 
1425 – 
15000 
0.0 – 0.1 0.0 – 0.5 0.1 – 1.1 0.1 – 1.4 0.0 – 0.2 0.0 – 0.5 0.1 – 0.6 0.1 – 0.8 0.0 – 0.2 0.1 – 0.7 0.1 – 0.9 0.1 – 0.8 - 
41 
2,5-Dimethyl-4-
hydroxy-3(2H)-
furanone 
1.6 – 50 0.0 
2.4 – 
74.3 
0.0 0.0 0.0 
3.1 – 
97.4 
0.0 0.0 0.0 
6.0 – 
186.5 
0.0 0.0 
Caramel, 
strawberry 
 Others  
42 Dimethyldisulfide 12 0.0 0.0 9.5 18.2 0.0 5.1 5.2 12.1 0.0 5.9 8.8 13.1 
sulfurous, 
gasoline  
43 Dimethyltrisulfide 2.5 0.0 0.0 0.0 96.5 0.0 0.0 0.0 72.0 0.0 0.0 0.0 128.3 Cabbage 
44 2-Methoxyphenol 10 7.1 13.9 14.1 47.2 8.1 7.0 6.7 28.5 12.3 29.1 44.0 40.0 smoky, repulsive 
45 Phenol 100 0.0 0.0 0.6 0.7 0.0 0.0 0.3 0.6 0.0 0.0 0.6 0.9 smoky, repulsive 
(*) aroma description from Bonvehi (2005), Afoakwa et al. (2008), Rodriguez-Campos et al. (2012), Tran et al. (2015)and Aprotosoaie et al. (2016).  
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Table 5.3: Summary GLM models showing the effect of pod storage and roasting temperature 
on different total aroma volatile concentrations 
Total volatiles 
Pod storage 
(day): PS 
Roasting 
temperature 
(⁰C): RT 
Interaction 
PS × RT 
R2 (%) 
Acids 28.17*** 4.87* 6.41** 90.12 
Alcohols 41.77*** 9.17** 3.46* 91.65 
Esters 23.66*** 26.25*** 6.75** 93.28 
Terpenes and terpenoids 13.89*** 10.74*** 10.86*** 91.25 
Aldehydes 32.02*** 4.43* 1.19 87.56 
Ketones 11.59** 14.78*** 3.50* 88.06 
Pyrazines 227.20*** 416.25*** 20.62*** 99.35 
Furans, furanones, pyrans, 
pyrones 
19.88*** 80.03*** 7.63** 96.45 
Pyrroles 37.97*** 359.67*** 11.64*** 99.03 
Others 68.23*** 516.18*** 19.02*** 99.34 
Grand total 41.62*** 30.22*** 5.57** 94.53 
Significant F-ratios at *p < 0.05, **p < 0.01, ***p < 0.001 
 
5.3.2 Alcohols 
The alcohols were the second most dominate volatile group; with 0PS and 7PS liquors showing 
significantly (p<0.05) higher total concentrations between 140-160 ⁰C (Table 5.1). Among other 
alcohols, 2,3-butandiol was the most abundant alcohol identified. However, it was not odor-active, thus 
it is unlikely to contribute with its sweet chocolate note (Ramos et al., 2014) to the aroma quality of the 
liquors (Table 5.2). 2-Phenylethyl alcohol - which is a precursor to phenyl acetaldehyde, and the ester 
2-phenylethyl acetate (Smit et al., 2005) - was also identified in substantial amounts in the liquors. It 
was the most odor-active alcohol with the highest activity recorded in 0PS-140 ⁰C and 0PS-160 ⁰C 
liquors, thus, it is expected to impart fruity/floral notes (Rodriguez-Campos et al., 2012) to the flavor of 
the liquor (Table 5.2). Benzyl alcohol, which is known for possessing sweet and floral notes (Rodriguez-
Campos et al., 2012) was also identified with the highest concentration in 0PS-160 ⁰C. It was however 
not odor-active. In general, high alcohol contents are essential in developing chocolates or other cocoa 
related products with flowery and candy notes (Rodriguez-Campos et al., 2012). As such, with evidence 
from Table 5.1, it can be speculated that cocoa beans of 0PS or 7PS, with high degree of roasting (≥ 140 
⁰C) may be ideal for the creation of products possessing high concentrations of such desirable flavor 
notes. Notably, Table 5.3 revealed significant (p<0.05) effects of both factors and their interaction on 
the total concentration of alcohols identified in the liquors. Of the three treatments of PS applied, 3 days 
of PS again resulted in the lowest concentration of total alcohols in the liquors (Table 5.1, Fig. 5.1b). 
The same reasons outlined earlier may be ascribed to this. Additionally from the interaction plot, despite 
a marginal (p>0.05) decrease from 3PS-100 ⁰C to 3PS-140 ⁰C, the total concentration of alcohols surged 
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with increasing RT for each PS treatment. This effect of RT could be akin to the same effect of heat on 
the liberation of volatile acids as previously indicated (Hinneh et al., 2019a,b). However, extra alcohol 
production has also been linked to the degradation of lipids (specifically, saturated fatty acids) in the 
presence of heat such as under roasting conditions (Parker, 2015). 
 
5.3.3 Esters 
The esters were generally more dominant in 0PS liquors with the highest (p<0.05) total concentration 
identified in 0PS-160 ⁰C liquor (Table 5.1, Fig. 5.1c). Interestingly, most esters were odor-active (Table 
5.2). Isoamyl acetate and 2-phenylethyl acetate and were the most abundant esters, being most dominant 
in 0PS-160 ⁰C and 7PS-160 ⁰C liquors, respectively. These compounds were odor-active and likely to 
confer their respective honey, floral and banana-like notes to the flavor of the liquors (Rodriguez-
Campos et al., 2012). Apart from both significant (p<0.05) main effects, the interaction effect of PS and 
RT also influenced the total concentration of esters in the liquors significantly (p<0.05) according to 
Table 5.3. As seen from Table 5.1 and Fig. 5.1c, at RT ≥ 140 ⁰C, 0PS and the 3PS liquors always 
recorded the highest and lowest total concentrations of esters respectively. Additionally, an overall 
increasing trend was seen in these levels with respect to increasing RT, despite the slightly inconsistent 
trend in 3PS. Consequently the highest concentrations were obtained at 160 ⁰C for each PS, suggesting 
the possibility of boosting the amount of esters in cocoa beans through 0 day PS and high RT.  
 
5.3.4 Terpenes and terpenoids 
Terpenes and terpenoids were quantified in appreciable amounts in the cocoa liquors; with 0PS-160 ⁰C 
liquor possessing the highest (p<0.05) total concentration (Table 5.1). Linalool, also being odor-active, 
was the most abundant terpene identified (Table 5.1 and 5.2). It was most dominant in 0PS-160 ⁰C 
liquor, thus, it is expected to impart its characteristic floral and sweet notes to the overall aroma. 
Myrcene, known for its spicy, peppery notes and cis-ocimene, also known for its floral notes (Bonvehi, 
2005) were also present in the liquors, however only the former appeared to be odor-active. From Table 
5.3 and Fig. 5.1d, the individual impact of PS and RT, together with their interaction effect on the total 
concentration of terpenes and terpenoids were significant (p<0.05). Here, whereas PS may have resulted 
in the general loss of these volatiles, an opposite effect was observed with RT. However, this was 
exclusive to 0PS, thus, underscoring the significant (p<0.05) interaction effect as observed from Table 
5.3.  
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(a)           (b) 
   
(c)           (d) 
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(e)           (f)  
   
(g)           (h) 
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(i)           (j) 
   
(k) 
 
Fig. 5.1: Main effect and interaction plots showing the impact of pod 
storage (day) and roasting temperature (°C) on different groups of 
aroma volatiles in cocoa liquors (ng/g cocoa liquor). Total acids (a), total 
alcohols (b), total esters (c), total terpenes and terpenoids (d), total 
aldehydes (e), total ketones (f), total pyrazines (g), total furans, 
furanones and pyrans, pyrones (h), total pyrroles (i), others (j) and 
grand total (k) 
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5.3.5 Aldehydes  
The aldehydes are marked for their contribution towards the development of typical cocoa flavor, 
although, the levels of their concentrations may be compromised at high roasting intensities 
(Aprotosoaie et al., 2016; Hinneh et al., 2019a). Benzaldehyde is one of the principal aromatic aldehydes 
formed during cocoa bean roasting. As shown in Table 5.1, this was the most predominant aldehyde 
identified in the liquors with the highest concentrations observed in 0PS-100 ⁰C liquor. Benzaldehyde 
was odor-active and is therefore expected to confer typical almond and burnt sugar notes to the flavor 
of the liquors (Bonvehi, 2005) (Table 5.2). Although not as high in terms of concentration as 
benzaldehyde, 2-methylbutanal and 3-methylbutanal may arguably be considered as the important 
aliphatic aldehydes in cocoa. 2-Methylbutanal was more abundant in 0PS-160 ⁰C liquor, whereas the 
highest concentration of 3-methylbutanal was observed in 0PS-140 ⁰C liquor. Both aldehydes were also 
odor-active and are known to produce cocoa and chocolate flavor notes (Table 5.2). Other aldehydes 
such as 5-methyl-2-phenyl-2-hexenal and 2-phenyl-2-butenal with cocoa notes were also identified with 
high concentrations in 0PS-140 ⁰C, however, we could not find their OTV’s, hence, their OAV’s could 
not be calculated. 
 
Liquors with 0PS generally exhibited the highest total concentrations of the aldehydes with a consistent 
decline as the duration of PS increased (Table 5.1, Fig. 5.1e). The highest total concentrations were 
recorded in 0PS-120 ⁰C and 0PS-140 ⁰C liquors. However, for 3PS and 7PS, relatively high 
concentrations were also recorded at 120 ⁰C. These levels then declined as the RT further increased. 
Consequently the lowest total concentrations of aldehydes were recorded at the extreme ends of the 
range of temperature applied (100 ⁰C and 160 ⁰C) (Fig. 5.1e). This is indicative of an optimal region 
(120-140 ⁰C) within which a greater amount of aldehydes may be produced. Remarkably, it was only 
for this group of volatiles where the interaction effect was not significant (p>0.05). Meanwhile, both 
main effects showed significant (p<0.05) influence on the total aldehyde concentration (Table 5.3). In 
accordance with our previous study, high roasting intensities, have been associated with decreasing 
concentration of aldehydes (Hinneh et al., 2019a). Likely, this is as a result of the conversion of these 
Strecker intermediates or their precursors into other volatile compounds during the reaction. In 
agreement, Afoakwa (2016) explained that, not only aldehydes may be formed from the Strecker 
degradation of amino acids, but simultaneously, other amine and acid groups are also formed from the 
same amino acids. More so, these aldehydes from the Strecker degradation reaction may also serve as 
precursors for the formation of pyrazines in various subsequent heterocyclization reactions. 
Suggestively, these reasons may have been responsible for the decline of aldehydes as recorded in the 
liquors with increasing PS and RT. 
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5.3.6 Ketones 
3-Hydroxy-2-butanone was the most abundant ketone although the value declined at higher RT’s (Table 
5.1). This volatile is known for its characteristic butter and creamy notes, nevertheless, its contribution 
to the overall flavor is uncertain as its OAV’s were low in all the liquors. Generally, ketones were the 
least odor-active group of volatiles with only 2-nonanone (hot milk, green, fruity notes) found to be 
odor-active in three of the liquors; 0PS-100 ⁰C, 3PS-120 ⁰C and 7PS-120 ⁰C, although the liquors; 3PS-
100 ⁰C and 7PS-100 ⁰C also had OAV’s very close to unity (Table 5.2). Unlike the others, acetophenone 
was produced in higher concentrations when RT increased. Thus, this volatile was more dominant in 
liquors roasted at 160 ⁰C, however, its OAV was low. Table 5.3 revealed significant (p<0.05) impacts 
of both PS and RT as well as their interaction on the total concentration of ketones in the liquors. As can 
be seen from Fig. 5.1f, 3 days of PS was generally associated with low total concentration of ketones 
possibly due to similar reasons aforementioned. However, dissimilar to the trends seen in most groups 
of volatiles, a decreasing trend in the total concentration with RT was observed. This could be as a result 
of the heat sensitivity or high volatility of these aroma compounds. 
 
5.3.7 Pyrazines  
In reference to Table 5.1, 15 different pyrazines were identified from the liquors, of which eight were 
odor-active in at least one sample liquor (Table 5.2). Tetramethylpyrazine was the most abundant 
pyrazine in all liquors with its highest concentration recorded in 7PS-160 ⁰C. Nevertheless, the 
contribution of this volatile to the overall flavor quality of the cocoa liquors was negligible due to its 
high OTV (Table 5.2). Also identified, but odor-active, was trimethypyrazine – another important aroma 
volatile possessing cocoa, roasted and nutty notes. Other pyrazines such as 2,3,5-trimethyl-6-
ethylpyrazine (roasted peanut and cocoa notes) was found in substantial amount especially in 7PS-160 
⁰C liquor, however its OTV was missing, thus, its OAV could not be estimated. Apart from 
tetramethylpyrazine and trimethylpyrazine which are also reported to evolve from microbiological 
activities during fermentation (Schwan and Wheals, 2004), the majority of pyrazines only originate from 
the Strecker degradation in Maillard reaction. Thus, temperature as well as the abundance of flavor 
precursors (free amino acids and reducing sugars) are crucial for their formation. This may explain why 
the RT played a significant (p<0.05) role in boosting the total concentration of pyrazines in the liquors 
(Table 5.3 and Fig. 5.1g). Not only that, but also PS and its interaction effect with the RT were also 
significant (p<0.05). Apart from their absence in the liquors with lower RT’s (100-120 ⁰C), the identified 
pyrazines increased in concentration as the RT was increased. Consequently, the highest concentrations 
for each PS was recorded at 160 ⁰C with the 7PS-160 ⁰C liquor recording the highest (p<0.05) total 
concentration of all. The dominance of pyrazines in 7PS liquors may as well be indicative of the impact 
of prolonged PS on flavor precursor generation as previously reported, in which case, the highest 
pyrazine concentration was also recorded in cocoa beans with 7 days of PS (Hinneh et al., 2018). This 
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was due to the consistent increase in free amino acids with increasing PS and the high fructose-glucose 
ratio of 7PS (4:1) compared to 0PS (3:1) and 3PS (2:1). Of these, the latter was associated with the 
lowest fructose-glucose ratio due to the limited fermentative quality owing to the partial modification 
of the pulp, such as pulp volume reduction, dehydration and respiration of the inherent sugars, during 
the curing process of PS. Notably, this trend was likened to that of the pyrazine concentration in function 
of PS as observed in this study.  
 
5.3.8 Furans, furanones, pyrans, pyrones, pyrroles and others 
The formation of furans, furanones and pyrones could also be linked to the heating process. Of these, 
0PS-140 ⁰C and 0PS-160 ⁰C liquors recorded the highest (p<0.05) total concentrations (Table 5.1, Fig. 
5.1h). Rose oxide was the most abundant volatile with increased concentration as RT also increased. 
This volatile is known for its geranium-like floral and fruity notes (Bonvehi, 2005). It was however not 
odor-active (Table 5.2). γ-Butyrolactone was also identified in appreciable amounts with the highest 
concentration recorded in 0PS-160 ⁰C liquor. This volatile, which yields sweet and caramel flavor notes, 
was found to be odor-active (Table 5.2). Similarly, other furans such as furfuryl alcohol, also increased 
proportionally with RT at each PS. As repeatedly observed among other volatile groups, liquors made 
from cocoa beans with 3 days of PS generally produced the lowest total concentration of furans although 
these were not significantly (p>0.05) different from the liquors of 7PS (Table 5.1, Fig. 5.1h). From 
Table 5.3, the RT and its interaction with PS also had significant (p<0.05) impact on the formation of 
furans, furanones, pyrans and pyrenes (Table 5.3, Fig. 5.1h). 
 
Pyrroles were relatively lower in terms of concentration with the highest (p<0.05) concentration being 
recorded in 0PS-160 ⁰C liquor. Most of the pyrroles were exclusive to liquors with cocoa beans roasted 
at 160 ⁰C (Table 5.1) due to their known association with high temperatures (Hinneh et al., 2019a). 3PS 
liquors recorded the lowest concentrations, however 0PS and 7PS liquors appeared to have relatively 
higher concentrations at each RT. 2-Acetyl-1-pyrrole was the only pyrrole present in all the liquors.  
Although it is characterized by a caramel flavor note (Mottram, 2007), its OAV could not be estimated, 
likewise the other volatiles in this group (Table 5.2). As shown in Table 5.1, some other volatiles which 
do not belong to the aforementioned groups, such as 2-methoxyphenol and dimethyldisulfide were also 
identified. These two volatiles are generated at intense heating conditions (high RT) and associated with 
undesirable flavor notes. They were odor-active and more dominant in 0PS-160 ⁰C liquor (Table 5.2). 
However, the total concentrations of these unclassified volatiles, which also includes such undesirable 
ones, was highest (p<0.05) in 7PS-160 ⁰C liquor. Interestingly, both pyrroles and the other unclassified 
group of volatiles showed similar relationship with PS and RT, with their total concentrations being 
significantly (p<0.05) influenced by both factors and their interactions (Table 5.3, Fig. 5.1i, Fig. 5.1j).   
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5.3.9 Relationships between the aroma profiles of cocoa liquors as influenced by different 
pod storage treatments and roasting temperatures   
Overall, the general trend in the total aroma volatile concentrations of the liquors showed a similar 
pattern as observed for the individual groups of volatiles discussed above. Likewise, a GLM analysis 
revealed significant (p<0.05) impact of both PS and RT and their interaction effect on the total aroma 
concentrations of the liquors (Table 5.3). Fig. 5.1k further revealed an increasing effect of RT on the 
total aroma concentration whereas in each case, the least concentration was found in cocoa liquors with 
3 days of PS. The significant interaction effect confirmed the synergistic impact of both factors on the 
total aroma concentration. Here, the liquors were clearly distinguished on the basis of their roasting 
intensities at both 0PS and 7PS. Although for these samples, respective concentrations at 100-120 ⁰C 
and 120-140 ⁰C seemed comparable (p>0.05). However, for the liquors of 3PS, only the sample that 
was roasted at 160 ⁰C was distinctively higher in terms of the total aroma concentration. More so, at 
lower RT’s (100-120 ⁰C), 7PS recorded the highest total aroma concentrations in comparison with the 
reference (0PS), however, the opposite was seen when RT was 140 ⁰C and above. Meanwhile, at each 
RT, 3PS generally recorded the lowest total aroma concentration (although clear significant differences 
were seen at T ≥ 140 ⁰C).  
 
This explains the pattern as observed in Fig. 5.2a, where the liquors were clustered on the basis of all 
identified volatiles. With about 71% of the variability being explained, the first principal component (F1 
= 57%) seemed to have separated the liquors on the basis of their roasting intensity. With the exception 
of 3PS-140 ⁰C, liquors on the right of the F1 axis, which were roasted at ≥ 140 ⁰C possessed relatively 
more volatiles with higher concentrations, whereas, on the left, only few volatiles were identified in 
liquors with lower RT’s (100-120 ⁰C). More so, their concentrations were seen to be relatively lower 
than the former group. This explains why in Table 5.1, most volatiles, especially the thermally produced 
volatiles like most pyrazines, pyrroles and furans, were absent in liquors with lower RT’s. Conversely, 
other heat-labile volatiles such as, ethyl acetate, 2-heptanone, 1-hydroxy-2-propanone and 2-nonanone, 
were also lost from the liquors at elevated RT’s. The second principal component (F2 = 14%) also 
seemed to separate the liquors on the basis of their PS treatment. Again, with the exception of 3PS-140 
⁰C, liquors clustered above the F2 axis, with PS duration between 0 and 3 days seemed to be associated 
with more desirable aromatic volatiles (and in some cases, some fermentation products) such as linalool 
(floral), myrcene (balsamic, spicy), isoamyl alcohol (fruity: banana), 2-nonanone (fruity), 2-heptanol 
(fruity: citrus), ethyl isovalerate (fruity), isoamyl acetate (fruity; banana), 2,5-dimethyl-4-hydroxy-
3(2H)-furanone (strawberry, caramel), among others. However, liquors below, with extended PS 
duration (7PS) seemed to be rich in volatiles possessing typical cocoa/chocolate flavor notes (and in 
some cases, roasting products) such as tetramethylpyrazine (cocoa, chocolate, roasted), 
trimethylpyrazine (cocoa, roasted, nutty), 2,5-dimethylpyrazine (cocoa, roasted, nutty), 2,3-
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dimethylpyrazine (cocoa, caramel), γ-butyrolactone (caramel), 2-acetylpyrrole (cocoa, chocolate, 
roasted, nutty), acetophenone (almond), among others. Notably, some heat-induced, yet, undesirable 
aroma volatiles such as dimethyldisulfide (sulfurous, gasoline), dimethyltrisulfide (cabbage) and 
methoxyphenol (smoky) were also associated with these liquors, specifically those with high RT’s.  
 
Interestingly, similar observations could be made from Fig. 5.2b, in which case clustering was done on 
the basis of the OAV’s of the identified odor-active volatiles. Thus, this may be indicative of the 
adequacy of these volatiles for predicting the aroma profiles and relationships existing among the 
different cocoa liquors. From Table 5.2, similar trends as the total concentration of acids in Table 5.1 
were also seen for the OAV’s of the individual acids. However, isobutyric acid could not be detected in 
the 7PS liquor at RT’s below 140 °C. Among other reasons, it is possible that at these RT’s, the relatively 
lower concentration of this acid may have been overshadowed by other more dominant acids such as 
acetic acid and/or isovaleric acid in the headspace. The OAV of isoamyl alcohol (banana) was the 
highest at the lowest RT. It also deceased with increasing PS duration. Meanwhile, the OAV’s of 2-
heptanol (citrus, herbal) seemed to increase with increasing RT with the highest values recorded in 3PS, 
followed by 0PS, then 7PS (Table 5.2). The same trend was observed for the OAV’s of 2-phenethyl 
alcohol (floral), however, 0PS liquor was the most dominant. 
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(b) 
Fig. 5.2: PCA biplots showing the influence of pod storage (day) and roasting temperature (°C) 
on the aroma profiles of cocoa liquors (ng/g cocoa liquor). Clustering was done on the basis of 
the concentrations of all identified aroma volatiles (a) and OAV’s of the identified odor-active 
volatiles (b) 
 
Among the esters, volatiles such as ethyl isovalerate, isoamyl acetate and 2-phenyl ethyl acetate were 
the most odor-active. The former (fruity) generally increased with increasing RT in 0PS and 7PS liquor 
(with 0PS being more dominant), but the levels fluctuated between 3PS-100 °C and 3PS-160 °C. 
Isoamyl acetate (banana) and 2-phenyl ethyl acetate (honey, floral) also generally increased with 
increasing RT, however, an opposite scenario was observed for isoamyl acetate with respect to 3PS.  
 
Myrcene (balsamic, musty, spicy) and linalool (floral) were also present. Although an increasing trend 
was observed with RT for these terpenes, this trend was only clear from the beans of the unstored pods 
(0PS). Additionally, these liquors also recorded higher OAV’s. The high OAV’s of 0PS could be due to 
the fact that for these beans, the initial pulp – from where the terpenes are acclaimed to be derived 
(Kadow et al., 2013) – was unaltered prior to fermentation. However, the levels fluctuated among the 
different liquors from the pod stored beans. 2/3-Methylbutanal (cocoa, chocolate) generally increased 
with increasing RT mainly because these volatiles are largely formed during the Maillard reaction. 
However, the influence of the different PS treatments was not clear. Meanwhile, a clear impact of RT 
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on the OAV’s of most pyrazines was observed. In support of previous explanation, the extensive 
degradation of both pulp and pod material – yielding excess precursors – may have been the reason why 
7PS dominated in most of the odor-active pyrazines.  
 
Gamma-butyrolactone (caramel) also increased with increasing RT. Like pyrazines, it was predominant 
in 7PS liquor, followed by 0PS liquor whilst the lowest OAV’s were generally associated with the 3PS 
liquor. Interestingly, the most odor-active furanone was 2,5-dimethyl-4-hydroxy-3(2H)-furanone 
(caramel, strawberry). However, this was uniquely identified in liquors from beans roasted at 120 °C. 
Whilst the reason for this is unclear, it was evident that PS contributed proportionally to the formation 
of this volatile. Other volatiles like dimethyldisulfide (sulfurous) and 2-methoxyphenol (smoky) were 
also odor-active but their dominance in the liquors generally increased in function of the intensity of 
heat applied during roasting. This is logical considering that these volatiles are typically products of 
thermal reactions (Parker, 2015). Also, in terms of PS, they followed the same trend as the pyrazines.  
 
5.4 Conclusions 
Both PS and RT and their interactions showed significant (p<0.05) impact on the different groups of 
volatiles as well as their total aroma concentrations. In most cases, 3PS was associated with lower 
volatile concentrations compared to 0PS and 7PS liquors. RT was also associated with an increase in 
volatile concentration, with exception of ketones and aldehydes (RT > 140 ⁰C), where the opposite was 
observed. 0PS-160 ⁰C liquor recorded the highest (p<0.05) concentration of several of the key volatiles 
including acids, esters and terpenes, reflecting in its relatively high total volatile concentration. Next to 
this was 7PS-160 ⁰C liquor which also recorded the highest (p<0.05) concentration of pyrazines and 
other unclassified volatiles. However, overall, the total aroma concentrations were comparable (p<0.05) 
between 0PS and 7PS liquors, although they showed unique profiles with respect to the specific groups 
of volatiles of which they dominated. An exception was however observed for aldehydes, where only 
the independent contributions of PS and RT on the total concentration was significant (p<0.05). A 
principal component analysis of the aroma profiles of the liquors, first on the basis of all identified 
volatiles, then, on the basis of the odor-active volatiles, revealed similar pattern where liquors with high 
RT’s possessed more volatiles with high concentrations, whereas, the opposite was also observed for 
liquors with lower RT’s. In confirmation to the observation in chapter 3, it seemed that no or very 
minimal PS treatment was necessary for preserving more aromatic volatiles with typically fruity, floral 
or spicy flavor notes, whereas, for liquors with volatiles rich in cocoa, chocolate, nutty and roasted flavor 
notes, a prolonged PS treatment was required.   
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5.5 Supplementary: Example temperature-time profiles used to monitor roasting process  
(a) 
 
(b) 
 
Fig. A.5.1: Temperature-time profiles used to monitor roasting process at 140⁰C. Empty oven 
with probe (a), loaded oven with probe inserted in bean (b) 
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PART II 
Diversification of chocolate flavor through processing 
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Chapter 6 
Pod storage with roasting: A tool to diversifying the flavor profiles of dark chocolates produced 
from ‘bulk’ cocoa beans? 
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Abstract 
The impact of pod storage (PS) and bean roasting temperature (RT) on both quality and flavor profiles 
of dark chocolates were evaluated. Dark chocolates (70%) from ten liquors of different PS and RT 
combinations as well as six liquors of different origins (Ecuador, Ghana, Ivory Coast, Madagascar, 
Venezuela and Vietnam) with variable genetic groups were produced under identical conditions and 
compared. To a greater extent, the range of chocolate quality attributes underscored the generally 
minimal effects of PS, RT and origin of liquor on the applied chocolate manufacturing protocol. 
Although with a few exceptions, generally, chocolate acidity (pH and TA) decreased with increasing PS 
and vice versa in the case of RT. Further, PS and RT were found to influence the different aroma 
volatiles, however, the impact of RT over PS seemed to be greater. An agglomerative hierarchical 
clustering (AHC) of all chocolates on the basis of their aroma profiles revealed a similar impact as earlier 
observed, where major clustering of the chocolates was in accordance with the intensity of the roasting 
process applied. However, within each group, the dissimilarities owing to PS among the chocolates was 
clearly depicted. Comparatively, chocolates with low (100–120 °C), instead of moderate to high (135–
160 °C) RT's, rather showed a low dissimilarity with those from the commercial cocoa liquors of the 
different origins. The results from a balanced incomplete block design (BIBD) involving a 16-member 
expert panel also revealed the impact of the applied treatments (PS and RT) on the final flavor profiles 
of the chocolates irrespective of the origin or genetic groups of the cocoa beans. The same was confirmed 
when instrumental aroma results were correlated with the sensory data using partial least squares (PLS) 
regression models. Thus, this study demonstrates the possibility of creating diverse flavor profiles (even 
towards ‘fine’ flavor) from ‘bulk’ cocoa beans through the combination of PS and RT. The findings are 
therefore expected to challenge the status-quo, especially in the way ‘bulk’ cocoa is currently processed 
and consequently priced, thereby, potentially fostering a win-win situation between cocoa producers and 
industries. 
 
6.1 Introduction  
Cocoa bean is the main raw material of chocolate. As such, its flavor potential is key in determining the 
final flavor of the chocolate. The variations in flavor precursors contained within the bean have been 
greatly linked, among others, to its origin, soil type, age of cocoa tree and the genotype or variety 
(Kongor et al., 2016). From the latter, two main classifications are often recognized in relation to the 
flavor of the cocoa. These are the ‘fine’ and ‘bulk’ or ‘basic’ flavor (Afoakwa, 2016). The ‘fine’ flavor 
cocoa are generally known, among others, by their fruity, floral and spicy notes. They are mainly of the 
Criollo, Trinitario and Nacional varieties whereas, ‘bulk’ flavor cocoa mainly consists of the Forastero 
variety. It is generally perceived to possess strong acidic, astringent and intense cocoa with less 
fruity/floral notes. Overall, ‘bulk’ cocoa constitutes about 95% of global cocoa production whilst the 
‘fine’ flavor makes up about 5% of global cocoa production. For their unique aroma and flavor 
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characteristics, the ‘fine’ flavor cocoa are highly sought after and thus, attract a high premium price in 
comparison to the ‘bulk’ cocoa. Yet, given the ever-growing consumer demand for unique and/or diverse 
cocoa flavor, there is the need for exploring various cost-effective and sustainable technological 
interventions by which the flavor of cocoa (especially the ‘bulk cocoa) can be improved and/or 
diversified. 
 
Through decades of investigations, the impact of various postharvest and processing techniques on the 
final flavor of the end-product has been established (Meyer et al., 1989; Frauendorfer & Schieberle, 
2008; Beckett, 2009; Aculey et al., 2010; Afoakwa, 2010; Kadow et al., 2013; Afoakwa, 2014; Sulaiman 
et al., 2017; Hinneh et al., 2018). Thus, offering various possibilities through which the flavor of 
cocoa/chocolate can be tuned. Spanning from bean to bar, a range of such postharvest/processing factors 
can be outlined; pod storage (PS), fermentation, drying, alkalization, roasting and conching. In the 
preceding chapter, the impact of PS and roasting temperature (RT) on aroma diversity was investigated 
on the level of the liquor but not the final chocolate. Thus, the aim of this study was therefore to explore 
the potential of PS with RT for the diversification and/or tuning of the aroma profiles of dark chocolates 
produced from ‘bulk’ cocoa beans. This was done by applying different pre-selected treatments of PS 
and RT treatments (from chapter 5) to the cocoa beans from which 70% dark chocolates were produced. 
These chocolates were then assessed on the basis of the uniqueness of their aroma profiles with respect 
to the applied treatments and in comparison with equally produced chocolates from commercial cocoa 
liquors of recognized origins.  
 
Given that flavor exists as a complex combination of olfactory (aroma), gustatory (taste) and trigeminal 
(texture: hardens and mouthfeel) sensations (Afoakwa, 2016), it was also important to analyze the 
chocolates on a sensorial level whilst monitoring the potential impact of different quality attributes such 
as particle size, flow behanvoir, melting profile and harness of the chocolates. Finally, a deeper 
understanding of the relationships between these sensory perceptions (potentially impacted by different 
quality attributes) and the identified volatile compounds were also sought.       
 
6.2 Materials and methods 
6.2.1 Sample selection 
This study was a follow up of chapter 5 where the impact of PS and RT on the aroma profiles of 
Ghanaian cocoa liquors were investigated. Here, a 3 × 5 full factorial experiment comprising of PS; 0, 
3 and 7 days and roasting conditions; 100, 120, 135, 140 and 160 ⁰C each with a constant roasting 
duration of 35 min was used. Cocoa liquors from these samples were analyzed using HS-SPME-GC-
MS to identify and quantify the volatile compounds related to the aroma. Ten out of these fifteen cocoa 
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liquors were then selected for the present study. The basis for this selection was the interest to identify 
cocoa liquors of the different treatments showing diverse and distinct aroma profiles from the others. 
However, in order to understand the influence of the factors on some identifiable trends, the following 
criteria was also considered during the selection: (1) for each selected PS-RT combination, a 
corresponding reference with unstored pods (0PS) was also present, (2) the impact of PS or RT could 
be traced among the samples given that at least one RT (i.e. 135 ⁰C) or PS (i.e. 0PS) was fixed 
respectively throughout the treatments. Table 6.1 shows a summary of these ten selected PS-RT 
combinations to be investigated in this present study.  
Table 6.1: Pod storage and roasting conditions of selected samples  
Pod storage (day) Temperature (0C) 
0 100 
0 120 
0 135 
0 140 
0 160 
3 120 
3 135 
7 100 
7 135 
7 160 
 
Finally, by means of situating the different liquors samples in a typical industrial context, six extra cocoa 
liquors from renowned origins (Ecuador, Ghana, Ivory coast, Madagascar, Venezuela and Vietnam) 
were obtained from a commercial supplier. Information as obtained from the supplier are summarized 
in Table 6.2. It must be indicated that for these commercial cocoa liquors, information concerning PS, 
specific type and conditions of roasting were not provided. However, within the framework of this study, 
they were used to represent typical industrial grade liquors from their respective origins. As such, the 
basis of comparison of these liquors/chocolates with our samples in the context of this study was 
irrespective of the specific industrial process applied. Hitherto, the basic idea was to see (of the diverse 
aroma profiles of our samples) if some of these chocolates could mimic typical aroma profiles of those 
from the commercial grade liquor under the same manufacturing conditions. Thus, from all sixteen 
cocoa liquors, 70% dark chocolates were then produced and thereby compared on the basis of their 
aroma profiles using the HS-SPME-GC-MS analytical technique. 
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Table 6.2: Information about commercial cocoa liquors as received from supplier 
Origin Variety Fermentation Drying Roasting 
Ecuador Nacional Box Combined drying Nib roasting 
Ghana Forastero Heap Solar drying Nib roasting 
Ivory coast Forastero Heap Solar drying Nib roasting 
Madagascar Forastero + Criollo + Trinitario Box Combined drying Nib roasting 
Venezuela Criollo + Trinitario Box Combined drying Nib roasting 
Vietnam Trinitario Box Solar drying Nib roasting 
 
6.2.2 From pod storage to roasted cocoa liquor 
Ripe cocoa pods (hybrid type Forastero) were harvested, pod stored, fermented, dried, transported and 
stored as described in sections 2.2.2 and 2.2.3, whereas, roasting, winnowing and grinding of nibs into 
liquor were carried out as described in section 3.2.1. 
 
6.2.3 Chocolate production  
Sixteen batches of 70% dark chocolates consisting of 30.00% pre-broken sugar (Barry Callebaut 
Belgium, Wieze, Belgium), 64.65% cocoa liquor, 5.00% cocoa butter (Puratos-Belcolade, 
Erembodegem, Belgium) and 0.35% soy lecithin (Soya International Ltd, Cheshire, U.K.) were 
produced on a 5 kg scale exactly as described in section 3.2.2.   
 
6.2.4 Quality attributes of dark chocolates 
The moisture content, fat yield, particle size distribution (PSD), flow behavior and melting profile of 
each chocolate was determined as described in section 3.2.3. Hardness of each chocolate was then 
assessed through a penetration test. Each bar was placed on the test area of a 5942 Instron Texture 
Analyzer (Instron, High Wycombe, UK) equipped with a needle-shaped probe. The probe was set to 
descend at a speed of 2 mm/s to penetrate the bar to a depth of 5 mm. The data was processed with 
Bluehill 3 software and hardness was recorded as the maximum load experienced during the penetration. 
 
6.2.5 Flavor profiling of chocolates  
The aroma analysis was carried out using HS-SPME-GC-MS according to Tran et al. (2015a) and 
modified by Hinneh et al. (2018) as described in section 2.2.9. Chocolate acidity (pH and TA) was 
analyzed as described in section 2.2.6. Sensory profiling of the matured chocolate bars were conducted 
with a trained expert panel. Both panel training and the analysis of the chocolates were carried out in 
the sensory facility of a partner company with participants from their team of experts – each with at least 
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three years of experience in the analysis of dark chocolates. The selection and training of the panel was 
in accordance with Sukha et al. (2008) as stated in chapters 3 and 4. Here, ten flavor attributes were 
considered; cocoa, acidity, astringency, bitterness, nuttiness, woodiness, floral, fresh fruit, browned fruit 
and spiciness. The definition and scaling of all the attributes were as provided in the supplementary 
sheet. A balanced incomplete block design (BIBD) was used for the evaluation of all 16 different 
chocolates considering the following parameters:  
o Number of treatments/chocolates (t): 16 
o Number of blocks (b): 16 
o Number of chocolates evaluated in each block (k): 6 
o Number of repetitions (r): 6 
o Number of times that a pair of chocolates appear in the same block (λ): 2 
 
With an ordinal scale of 0-10, the final 16-member expert panel (consisting of eleven females, five males 
and aged between 25-40 years) was instructed to rate the intensities of the chocolates on the basis of 
each attribute. Hereby, the score of 0, representing absence and 10, being highly perceivable. Within 
each block, the chocolates (5 g) were served in a random order at room temperature on identical 
disposable plates which had been pre-coded with three random digits. Finally, in order to minimize 
carry-over effect, the panelists were provided with unsalted crackers and tap water to neutralize their 
mouths in between the samples. 
 
6.2.6 Statistical analysis  
Chocolate quality attributes (moisture content, fat yield, PSD, etc.), acidity and concentrations of the 
various volatile compounds and their totals were subjected to Analysis of Variance (ANOVA) at a 5% 
significance level. Assumptions of normality and equality of variance were tested prior to the analysis 
using Kolmogorov-Smirnov test and Modified Levene’s test, respectively. Where assumptions were 
fulfilled, a post-hoc Tukey’s test was used to investigate significant differences among samples. 
However, when assumption was not fulfilled, a non-parametric alternative, Welch was used along with 
Games Howell post-hoc test. ANOVA was performed with Minitab 18 (Minitab Inc, USA). 
Agglomerative Hierarchical Clustering (AHC) of the chocolates on the basis of their aroma volatiles 
was carried out using XLSTAT 2014.5.03 (Addinsoft, USA). Sensory results were also subjected to 
product characterization analysis using XLSTAT 2014.5.03 (Addinsoft, USA). From this, adjusted 
mean intensities for the various attributes were compared. Here, statistical significance was established 
by comparing the adjusted mean intensity of each chocolate to the global mean for a given attribute. 
These results were also verified with the Durbin, Skillings-Mack test. Thereafter, a principal component 
analysis (PCA) was used to study the inter-sample and inter-variable (sensory attribute intensities) 
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relationships. Furthermore, through partial least squares (PLS) regression analysis, the relationships 
between instrumental aroma volatiles and sensory attributes of chocolates could be studied. First, 
correlations between all identified aroma volatiles and the sensory attributes of the dark chocolates were 
explored. Then, the prediction of each sensory attribute on the basis of the contributions of the identified 
odor-active volatiles using PLS regression models was also carried out. In each case, visualization of 
the relationships among the predictor variables (odor-active volatiles), the response variables (sensory 
attributes) and the samples (various dark chocolates) was done through various PLS biplots. All analyses 
were carried out in triplicate (as technical replicates) unless otherwise stated in a specific procedure. 
Results have been reported in each table as means and standard deviations of the recorded values. In the 
case of highly reproducible data, the calculated standard deviation may be much lower than the 
acceptable number of decimal places for a given parameter - in which case it is rounded off to zero.   
 
6.3 Results and discussion 
6.3.1 Chocolate quality attributes 
6.3.1.1 Moisture and fat content 
The moisture content of chocolate is a crucial factor that influences its rheological and textural 
properties. Among others, the conching step has been marked for its contribution to moisture reduction 
during the chocolate manufacturing process. However, given the uniform conching conditions under 
which all chocolates were produced, the disparity in moisture contents could be ascribed to the 
differences in treatment and origin of the liquors used. Generally, chocolates of 0PS-100 °C, 7PS-100 
°C and 3PS-120 °C possessed significantly (p<0.05) high moisture contents (Table 6.3), whereas, those 
from the commercial liquors possessed lower amount of moisture. Although no significant (p>0.05) 
differences in moisture existed among the chocolates from the commercial liquors, for the sample 
chocolates, a general decreasing trend was observed as RT increased for each PS treatment. Conversely, 
at each RT, chocolates from pod stored cocoa beans seemed to retain significantly (p<0.05) higher 
amount of moisture.  
 
Logically, the decrease in moisture content with increasing RT is expected as higher temperature 
elevates the rate of moisture removal during the roasting process. More so, the observed impact of PS 
on the moisture content was in accordance with our earlier findings where the phenomenon has been 
attributed to a possible transfer of moisture along with other pulp constituents into the beans during the 
storage process (chapter 2). Notwithstanding, the recorded levels of moisture in the chocolates were 
within acceptable limits when compared to the range of 0.5-1.5% as suggested by Afoakwa (2016) 
without any drastic effect on the flow parameters. Additionally, he stressed that high moisture content 
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in chocolate (> 1.5%) could result in lump formation through particle-particle interaction, thereby, 
affecting the PSD, viscosity and hardness of the chocolate. 
 
The fat contents of the chocolates ranged from 42.5 ± 0.3% to 44.1 ± 0.3% with the highest value being 
observed in 7PS-160 °C chocolate. As seen from Table 6.1, no clear trend in the fat content could be 
identified among the chocolates. The study by Chevalley (1999) revealed that the viscosity of chocolate 
is more sensitive to changes at low fat content, however, beyond 35%, a subsequent increment of 1% 
has minimal effect on its flow behavior, texture, and consequently the taste of the chocolate. Thus, it 
can be noted that the slight differences in fat contents of the chocolates will likely have minimal impact 
on the aforementioned properties of the chocolates. 
 
Table 6.3: Moisture content and fat yield of dark chocolates produced from cocoa beans of 
different pod storage – roasting conditions and commercial cocoa liquors [n = 3] 
Chocolate Moisture content (%) Fat yield (%) 
0PS-100⁰C 1.4 ± 0.1a 43.0 ± 0.3def 
7PS-100⁰C 1.2 ± 0.1ab 43.8 ± 0.1ab 
0PS-120⁰C 0.8 ± 0.0d 43.1 ± 0.2cdef 
3PS-120⁰C 1.3 ± 0.0a 43.1 ± 0.2cdef 
0PS-135⁰C 0.5 ± 0.0e 43.4 ± 0.1abcde 
3PS-135⁰C 1.0 ± 0.1c 43.4 ± 0.1bcde 
7PS-135⁰C 1.1 ± 0.0bc 43.7 ± 0.1abcd 
0PS-140⁰C 0.5 ± 0.0e 43.6 ± 0.1abcd 
0PS-160⁰C 0.4 ± 0.0e 43.9 ± 0.1abc 
7PS-160⁰C 0.7 ± 0.0d 44.1 ± 0.3a 
Ecuador 0.5 ± 0.0e 42.8 ± 0.4ef 
Ghana 0.5 ± 0.0e 43.4 ± 0.5bcde 
Ivory coast 0.4 ± 0.0e 43.1 ± 0.1def 
Madagascar 0.4 ± 0.0e 43.2 ± 0.3bcdef 
Venezuela 0.5 ± 0.0e 42.5 ± 0.3f 
Vietnam 0.5 ± 0.0e 42.9 ± 0.2ef 
Different superscripts in each column indicate significant difference (p<0.05) among chocolates 
 
6.3.1.2 Particle size distribution 
The PSD remains central to the quality of the chocolate as it is known to have a direct influence on the 
microstructure, several quality attributes (rheology, melting profile, hardness, etc.) and sensory 
character of the chocolate (Afoakwa et al., 2009; Beckett, 2009; Afoakwa, 2010). It is worth noting that 
in defining the main contributors to the particle size of dark chocolates, the sizes and morphology of the 
refined cocoa solids and sugar particles are paramount. According to Beckett (2009), among other 
particle parameters, the D (v, 0.9) – which basically estimates the largest particle sizes – may be used to 
represent the fineness of the chocolate since it has been demonstrated to correlate significantly with 
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human perception. Interestingly, the D (v, 0.9) had a close range from 21.4 ± 0.1 µm to 24.1 ± 0.3 µm 
for the 0PS-160 °C and Madagascan chocolates, respectively (Table 6.4). It was further observed that 
the lowest particle sizes occurred in chocolates with high RT’s (160 °C). This may be attributed to the 
high intensity of roasting, resulting in the rapturing of cells and rendering the nibs much dryer, crispy 
and friable (Afoakwa, 2016), thereby, allowing for a more efficient particle reduction during the 
grinding process. Distinct dissimilarities can however be observed between the sample and origin 
chocolates from the commercial liquors particularly with respect to their SSA and D (v, 0.9). Those 
from commercial liquors generally recorded higher D (v, 0.9) with lower SSA compared to the sample 
chocolates. This could be due to the differences in processing. According to Awua (2002) and Bolenz 
et al. (2014), gritty mouth feel can be perceived in chocolate if particle sizes, especially D (v, 0.9) 
exceeds 30 μm. The values recorded in this study do not exceed this threshold, thus, any perception of 
graininess by consumers is unexpected.  
 
Table 6.4: Particle size profiles of dark chocolates produced from cocoa beans of different pod 
storage – roasting conditions and commercial cocoa liquors [n = 3] 
 Derived diameter Distribution percentiles Other 
Chocolate D(4,3) (µm) D(3,2) (µm) D(v,0.1) 
(µm) 
D(v,0.5) 
(µm) 
D(v,0.9) 
(µm) 
SSA (m²/m³) Span (-) 
0PS-100⁰C 10.1 ± 0.1cde 2.2 ± 0.0g 1.1 ± 0.0g 7.5 ± 0.1def 22.7 ± 0.2ef 2.7 ± 0.0a 2.9 ± 0.1abc 
7PS-100⁰C 10.4 ± 0.1bcd 2.6 ± 0.0bcde 1.3 ± 0.0ef 7.8 ± 0.0bc 23.0 ± 0.1cde 2.3 ± 0.0cde 2.8 ± 0.0bcde 
0PS-120⁰C 10.1 ± 0.1de 2.6 ± 0.0cde 1.3 ± 0.0ef 7.6 ± 0.1de 22.3 ± 0.3fg 2.3 ± 0.0cde 2.8 ± 0.0bcde 
3PS-120⁰C 10.2 ± 0.0cde 2.7 ± 0.1bcd 1.4 ± 0.0de 7.6 ± 0.1cd 22.5 ± 0.1efg 2.2 ± 0.1def 2.8 ± 0.0bcde 
0PS-135⁰C 10.2 ± 0.0cde 2.6 ± 0.0de 1.3 ± 0.0ef 7.5 ± 0.1def 23.0 ± 0.2cde 2.3 ± 0.0cd 2.9 ± 0.1abc 
3PS-135⁰C 9.9 ± 0.2e 2.6 ± 0.0bcde 1.3 ± 0.0ef 7.3 ± 0.1ef 22.0 ± 0.2g 2.3 ± 0.0def 2.8 ± 0.0bcde 
7PS-135⁰C 10.1 ± 0.0cde 2.6 ± 0.0cde 1.3 ± 0.0ef 7.3 ± 0.0ef 22.7 ± 0.1ef 2.3 ± 0.0cde 2.9 ± 0.0abc 
0PS-140⁰C 10.0 ± 0.1de 2.5 ± 0.1ef 1.2 ± 0.0ef 7.3 ± 0.1f 22.7 ± 0.1ef 2.4 ± 0.1bc 3.0 ± 0.0ab 
0PS-160⁰C 9.4 ± 0.1f 2.4 ± 0.0fg 1.2 ± 0.0fg 6.8 ± 0.0g 21.4 ± 0.1h 2.5 ± 0.0b 3.0 ± 0.0a 
7PS-160⁰C 10.0 ± 0.1e 2.7 ± 0.0bcd 1.4 ± 0.0cde 7.2 ± 0.1f 22.0 ± 0.1gh 2.2 ± 0.0ef 2.9 ± 0.0bcd 
Ecuador 10.4 ± 0.1cde 3.0 ± 0.0a 1.7 ± 0.0ab 8.0 ± 0.0ab 22.7 ± 0.3ef 2.0 ± 0.0g 2.6 ± 0.0e 
Ghana 10.8 ± 0.4ab 2.8 ± 0.1b 1.5 ± 0.1bc 7.7 ± 0.1cd 23.4 ± 0.1bcd 2.1 ± 0.1fg 2.8 ± 0.0abcd 
Ivory coast 10.3 ± 0.0cde 2.7 ± 0.0bcd 1.5 ± 0.0cd 7.6 ± 0.0cd 22.8 ± 0.1def 2.2 ± 0.0ef 2.8 ± 0.0bcde 
Madagascar 10.9 ± 0.2a 3.0 ± 0.1a 1.7 ± 0.1a 8.1 ± 0.2a 24.1 ± 0.3a 2.0 ± 0.0g 2.8 ± 0.0cde 
Venezuela 10.5 ± 0.1abc 2.7 ± 0.0bc 1.5 ± 0.0bcd 7.7 ± 0.0cd 23.5 ± 0.2abc 2.2 ± 0.0ef 2.9 ± 0.0abcd 
Vietnam 10.9 ± 0.1a 3.0 ± 0.0a 1.7 ± 0.0a 8.2 ± 0.0a 23.9 ± 0.3ab 2.0 ± 0.0g 2.7 ± 0.0de 
Different superscripts in each column indicate significant difference (p<0.05) among chocolates 
 
6.3.1.3 Flow behavior 
The flow behavior of chocolate reveals the efficiency of the manufacturing (conching) process as well 
as the general quality of the final chocolate. As such, it is regarded as a crucial technological and quality 
attribute (Servais et al., 2002). Molten chocolate is said to possess a non-Newtonian behavior, and thus, 
can be elucidated with the Casson model (Afoakwa, 2016). These properties are however dependent on 
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composition of the chocolate; among others, the PSD, fat content, moisture, amount and type of 
emulsifier are principal (Vavreck, 2004; Schantz and Rohm, 2005). The yield value corresponds to the 
particle-particle interactions in the microstructure of the chocolate (Beckett, 2009). This ranged from 
0.9 ± 0.10 Pa to 2.0 ± 0.0 Pa with Vietnamese and 0PS-100 0C chocolates recording the lowest and 
highest values, respectively (Table 6.5). According to Bolenz and Manske (2013), a linear correlation 
exists between the yield value and SSA, such that, the higher the SSA the higher the tendency for more 
particle-particle interactions due to the available surfaces and hence, leading to a more rigid 
microstructure. This may be the reason for the higher yield value as observed for 0PS-100 0C chocolate. 
Conversely, the particles of the Vietnamese chocolate – possessing much lower SSA – possibly allowed 
for limited particle-particle interactions, thereby rendering the structure less rigid with lower yield value. 
Generally, no clear-cut difference could be established between the sample chocolates and those from 
the commercial cocoa liquors. Withal, a trend could be identified among the former whereby the yield 
value decreased as RT increased. This may be akin to the indirect effect of RT on moisture reduction in 
the liquors (hence, chocolates) given that moisture is also known to promote agglomeration through 
hydrophilic interactions, especially among the sugar particles. In the midst of excess fat (≈ 43%), PSD 
seemed to have played a more prominent role in determining the viscosity of the chocolates. As can be 
observed from Table 6.5, chocolates from the commercial liquors possessing relatively higher particle 
sizes had significantly (p<0.05) lower viscosities compared to the sample chocolates. More so, the 
Madagascan chocolate which recorded the highest D (v, 0.9) and the lowest SSA, possessed the lowest 
viscosity, whereas, 0PS-100 oC chocolate with the highest SSA recorded the highest viscosity. Possibly, 
the limited particle surfaces which needed to be coated by the fat (due to the lower SSA of the 
Madagascan chocolate) contributed to the availability of more free fat to grease the matrix and 
consequently aiding its flow (Beckett, 2009).  
 
Another unique flow property of chocolate is its thixotropy. It is indicative of the extent to which 
particles are coated by the fat phase in the chocolate matrix. Basically, molten chocolate exhibits a shear-
thinning behavior whereby the viscosity decreases upon shearing over time (Møller et al., 2006). Hence, 
its thixotropic behavior can be determined by the difference between the ramp up and ramp down at a 
shear stress of 5 s−1 (Saputro et al., 2017). Ideally, Servais et al. (2004) suggested that well-conched 
chocolates should not exhibit thixotropic behavior. However, in practice, this is not so. Afoakwa (2010) 
therefore recommended a maximum thixotropicity (< 1 Pa) as indicative of a well-conched chocolate. 
Like the yield values, the Vietnamese chocolate displayed the lowest thixotropic behavior whilst the 
0PS-100 oC chocolate recorded the highest value (Table 6.5). For this, the same possible impact of SSA 
on aggregate formation through various particulate interactions may be ascribed as previously explained. 
Nonetheless, all the chocolates recorded values less than 1 Pa which denotes a good conching process. 
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6.3.1.4 Melting profile 
The melting profiles of almost all the chocolates were comparable given that for most parameters, no 
significant (p>0.05) differences could be seen among the chocolates, even so, for those with PS and RT 
treatment. Withal, as melting proceeded beyond the Tonset, a trend was observed between the chocolates 
from commercial liquors and those from liquors with PS and RT treatment. Hereby, the former generally 
displayed lower values for Tmax, Toffset, and ∆Hmelt, possibly due to a slight difference in fat composition 
owing to the variable genetic diversity of the cocoa beans and the industrial processing applied. 
According to Afoakwa (2016), the stable βV fat polymorphs of a well-tempered chocolate have a melting 
range of 32-34 °C. Thus, the Tmax range of 33.1 ± 0.1 °C to 34.1 ± 0.1 °C recorded for the chocolates 
clearly indicate that the chocolates were produced with comparable melting behaviors. 
 
6.3.1.5 Hardness  
A trend in hardness was also observed among the chocolates whereby the sample chocolates generally 
appeared harder than those from the commercial cocoa liquors (Table 6.5). Given that all chocolates 
were optimally tempered as seen from their melting behaviors, the increased hardness of the sample 
chocolates could be attributed to the effect of particle size and (free) fat content of the chocolates. Here, 
the sample chocolates generally possessed much stronger microstructure as a result of their higher SSA 
and possibly less free fat in contrast with the chocolates from the commercial liquors. In retrospect, a 
good connection could be seen between the hardness of the chocolates on the one hand and the melting 
parameters on the other. For instance, the samples chocolates; 0PS-120 °C, 3PS-120 °C and 0PS-135 
°C which were the hardest also recorded significantly (p<0.05) higher Tonset, Tmax and Toffset. However, 
those from the commercial liquors such as the Ivorian, Madagascan and Vietnamese chocolates with the 
lowest hardness also recorded the lowest melting parameters such as Tmax and Toffset. In summary, given 
the close range of recorded values for the measured quality attributes of the various chocolates, a high 
comparability of the chocolates is evident, despite some specific observed trends. 
 
6.3.2 Flavour attributes of chocolates 
6.3.2.1 Chocolate acidity (pH & TA) 
In describing the non-volatile acidity in chocolates, both strength (pH) and concentration of the residual 
titratable acids (TA) are important. From Table 6.6, the chocolates 0PS-135 °C and 0PS-140 °C were 
most acidic, having the lowest pH and highest TA (p<0.05). An opposite scenario was observed for the 
Ivorian and Madagascan chocolates which possessed the highest pH and lowest TA among the 
chocolates. Our results suggest that PS contributed to the reduction in chocolate acidity. This is apparent 
from the trend in pH but even clearly seen with respect to the trend in TA of the chocolates. 
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Table 6.5: Flow parameters, melting profiles and hardness of dark chocolates produced from cocoa beans of different pod storage – roasting 
conditions and commercial cocoa liquors [n = 3] 
Chocolate Casson yield 
(Pa) 
Casson viscosity 
(Pa.s) 
Thixotropy (Pa) Tonset (°C) Tmax (°C) Toffset (°C) ∆Hmelt (J/g) Hardness at 
20°C (N) 
0PS-100⁰C 2.0 ± 0.0a 1.7 ± 0.0a 0.8 ± 0.1a 27.8 ± 0.1ab 33.9 ± 0.1abc 35.6 ± 0.2abc 50.1 ± 0.4f 14.4 ± 0.2d 
7PS-100⁰C 1.8 ± 0.1b 1.3 ± 0.0cd 0.7 ± 0.1a 27.4 ± 0.0c 33.8 ± 0.2abcd 35.6 ± 0.2abc 53.0 ± 0.5bcd 13.8 ± 0.2e 
0PS-120⁰C 1.7 ± 0.1b 1.7 ± 0.0a 0.5 ± 0.1b 28.1 ± 0.1a 34.1 ± 0.1a 35.6 ± 0.1abc 51.3 ± 0.4def 15.5 ± 0.1a 
3PS-120⁰C 1.5 ± 0.1cd 1.6 ± 0.0b 0.5 ± 0.1b 27.7 ± 0.2abc 33.9 ± 0.1ab 35.8 ± 0.1ab 51.9 ± 0.7cde 15.5 ± 0.2ab 
0PS-135⁰C 1.4 ± 0.1cde 1.6 ± 0.0b 0.4 ± 0.1bc 27.7 ± 0.1abc 34.0 ± 0.1ab 35.8 ± 0.2ab 54.0 ± 1.3ab 14.7 ± 0.5bcd 
3PS-135⁰C 1.2 ± 0.1ef 1.5 ± 0.0b 0.5 ± 0.1b 27.5 ± 0.1c 33.8 ± 0.0abcd 35.6 ± 0.2abc 53.5 ± 0.5bc 14.4 ± 0.2d 
7PS-135⁰C 1.2 ± 0.1ef 1.4 ± 0.0c 0.2 ± 0.0cdef 27.4 ± 0.1c 33.7 ± 0.1abcd 35.5 ± 0.3abc 54.0 ± 0.5ab 14.3 ± 0.3de 
0PS-140⁰C 1.0 ± 0.0fg 1.5 ± 0.1b 0.3 ± 0.1bcde 27.6 ± 0.0bc 34.0 ± 0.2ab 35.9 ± 0.3ab 53.9 ± 0.7b 15.0 ± 0.2c 
0PS-160⁰C 1.1 ± 0.1fg 1.6 ± 0.0b 0.4 ± 0.1bc 27.5 ± 0.1c 33.9 ± 0.1ab 36.0 ± 0.2a 55.8 ± 0.3a 15.3 ± 0.5abc 
7PS-160⁰C 1.0 ± 0.0g 1.3 ± 0.0d 0.1 ± 0.1ef 27.3 ± 0.3abc 33.6 ± 0.3bcd 35.4 ± 0.4bc 53.6 ± 0.4bc 14.3 ± 0.2d 
Ecuador 1.3 ± 0.0de 0.9 ± 0.0h 0.3 ± 0.0bcde 27.6 ± 0.1bc 33.1 ± 0.1f 35.2 ± 0.2cd 50.8 ± 0.2ef 12.8 ± 0.3fg 
Ghana 1.3 ± 0.0ef 1.2 ± 0.0e 0.4 ± 0.0bcd 27.7 ± 0.2abc 33.7 ± 0.1abcd 35.4 ± 0.2abc 51.3 ± 1.0def 14.0 ± 0.3de 
Ivory coast 1.6 ± 0.1bc 1.1 ± 0.0f 0.3 ± 0.0bcde 28.0 ± 0.1a 33.5 ± 0.2cde 35.2 ± 0.3c 47.4 ± 0.6g 12.3 ± 0.3gh 
Madagascar 1.5 ± 0.0cd 0.8 ± 0.0i 0.1 ± 0.0ef 28.0 ± 0.0a 33.5 ± 0.1de 35.2 ± 0.1cd 47.8 ± 1.2g 12.0 ± 0.2h 
Venezuela 1.1 ± 0.0fg 1.1 ± 0.0f 0.2 ± 0.1def 27.7 ± 0.2abc 33.3 ± 0.2def 35.1 ± 0.3cd 49.9 ± 0.5f 13.2 ± 0.3f 
Vietnam 0.9 ± 0.1g 1.0 ± 0.0g 0.1 ± 0.0f 27.5 ± 0.0c 33.1 ± 0.1ef 34.6 ± 0.2d 47.9 ± 0.6g 12.2 ± 0.1h 
Different superscripts in each column indicate significant difference (p<0.05) among chocolates 
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Moreover, our results show that the acidity of the chocolates increased with increasing RT. Likely, the 
loss of moisture from the beans during the roasting process may have had a ‘concentration effect’ on the 
levels of the dissolved acids within the beans. More so, the impact of the applied heat during the roasting 
process may have resulted in unlocking these acids from the matrix, thus, consequently leading to the 
liberation of more acids in the roasted beans. This is plausible given that for our samples, whole bean 
roasting was applied, in which case, the shell of the bean may have served as a barrier to limit the loss 
of these acids during the process. Interestingly, unlike the 0PS-135 °C and 0PS-140 °C chocolates, the 
Vietnamese chocolate, which recorded one of the lowest pH also possessed a relatively low 
concentration of titratable acids. This is indicative of the type of dissolved acids and their unique 
intensity in the cocoa beans from this origin as previously reported by Holm and Aston (1993). No clear 
difference could be seen between the different genetic varieties of the cocoa, nor was there any clear 
distinction between ‘fine’ and ‘bulk’ flavor cocoa in terms of acidity. For instance, with respect to pH, 
although from the same genetic variety (Forastero), the Ghanaian chocolate was more (p<0.05) acid 
than the Ivorian chocolate, yet, it was comparable to the Venezuelan chocolate which was a combination 
of two ‘fine’ flavor cocoa (Criollo and Trinitario). 
 
Table 6.6: Acidity of dark chocolates produced from cocoa beans of different pod storage – 
roasting conditions and commercial cocoa liquors [n = 3] 
Chocolate pH (20⁰C) TA (meq NaOH/g) 
0PS-100⁰C 5.40 ± 0.01c 2.90 ± 0.01c 
7PS-100⁰C 5.40 ± 0.01c 2.80 ± 0.01d 
0PS-120⁰C 5.30 ± 0.01de 3.20 ± 0.01b 
3PS-120⁰C 5.40 ± 0.01bc 2.70 ± 0.01d 
0PS-135⁰C 5.20 ± 0.01f 3.40 ± 0.01a 
3PS-135⁰C 5.50 ± 0.01b 2.30 ± 0.01f 
7PS-135⁰C 5.50 ± 0.01b 2.50 ± 0.01e 
0PS-140⁰C 5.20 ± 0.01f 3.30 ± 0.01a 
0PS-160⁰C 5.40 ± 0.01cd 3.00 ± 0.01c 
7PS-160⁰C 5.50 ± 0.01b 2.30 ± 0.01f 
Ecuador 5.30 ± 0.01de 2.80 ± 0.01d 
Ghana 5.40 ± 0.01bc 2.70 ± 0.01d 
Ivory coast 5.80 ± 0.01a 1.90 ± 0.01g 
Madagascar 5.80 ± 0.01a 1.50 ± 0.10h 
Venezuela 5.50 ± 0.01b 2.40 ± 0.01f 
Vietnam 5.20 ± 0.01ef 2.90 ± 0.01c 
Different superscripts in each column indicate significant difference (p<0.05) among chocolates 
 
 6.3.2.2 Aroma profiles of chocolates 
Table 6.7a and 6.7b display the full list of aroma volatiles identified in all 16 chocolates. The odor 
activity values (OAV’s) were calculated in order to estimate the contribution of each volatile to the 
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overall aroma of the chocolates (Table 6.8a and 6.8b). Furthermore, dendrograms were also constructed 
by agglomerative hierarchical clustering (AHC) to illustrate the (dis)similarities between the different 
chocolates in terms of their aroma profiles. Hereby, Fig. 6.2a and 6.2b represent clustering on the basis 
of all identified volatiles and odor-active volatiles, respectively. 
 
 6.3.2.2.1 Volatile acids 
The fermentation of cocoa beans facilitates the formation of both volatile and non-volatile acids which 
impart sourness and astringency with sometimes inimical implications on the flavor quality of 
cocoa/chocolates (Afoakwa et al., 2008; Frauendorfer and Schieberle, 2008). Table 6.7a and 6.7b show 
the concentrations of aroma volatiles identified from both sample chocolates and those from commercial 
cocoa liquors respectively. Generally, chocolates from unstored pods expressed higher total acid 
concentrations than those from stored pods. We initially attributed this to the impact of pulp volume 
reduction on the quality of the fermentation process, thus, resulting in minimal acid production after PS. 
However, for a rise in acidity between 3PS and 7PS, the additional consequence of extended cellular 
degradation of both pod and pulp (fermentation-like process) could also be implicated. This trend was 
consistent at all temperatures with an exception of RT of 160 ⁰C where a leveling-off effect was observed 
– probably due to the influence of the elevated temperature. Generally, the total concentration of volatile 
acids increased insignificantly (p>0.05) with increasing RT, except at temperatures of 135 ⁰C and 160 
⁰C where a significant increase (p<0.05) was observed. 
 
Through the mechanism of volatilization, the roasting processes has been claimed to reduce acidity in 
cocoa beans (Afoakwa et al., 2008; Rodriguez-Campos et al., 2012). However, it is likely that the 
heating process may have resulted in unlocking more volatiles from the matrix, thereby making them 
more ‘available’ in the liquor and subsequently in the chocolate. Afoakwa (2016), described the impact 
of roasting on the structural changes within the bean, whereby, the extensive loss of moisture ultimately 
renders the beans friable, with a loose and porous matrix. Accordingly, from this study the degree of 
change along with the liberation of volatiles from the matrix can be said to be proportional to the roasting 
intensity. Meanwhile, the chocolates from the commercial cocoa liquors possessed generally lower 
concentrations of volatile acids. Of these, the Ghanaian, Vietnamese and Madagascan chocolates 
possessed significantly similar (p>0.05) level of acids with 3PS-120 ⁰C, 3PS-135 ⁰C and 7PS-100 ⁰C 
chocolates. Meanwhile, both Venezuelan and Ivorian chocolates recorded the lowest (p<0.05) total acid 
concentrations. Among the identified acids, only acetic acid and isovaleric acid were identified as odor-
active volatiles (Table 6.8). However, due to its higher concentrations, the major contribution of acetic 
acid to the overall sourness of the chocolates could be suspected. 
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Table 6.7a: Concentrations (ng/g cocoa) of aroma volatiles identified from dark chocolates produced from cocoa beans of different pod storage – 
roasting conditions [n = 3] 
No. Volatile 0PS-100⁰C 7PS-100⁰C 0PS-120⁰C 3PS-120⁰C 0PS-135⁰C 3PS-135⁰C 7PS-135⁰C 0PS-140⁰C 0PS-160⁰C 7PS-160⁰C 
 Acids 
1 Acetic acid 
2822.26 
± 195.13CDE 
2090.90 
± 95.39FG 
2834.36 
± 86.31CD 
2169.45 
± 81.26FG 
3609.52 
± 217.97B 
2107.52 
± 70.26FG 
3516.61 
± 204.88B 
2902.55 
± 33.42C 
3885.59 
± 109.66B 
4312.15 
± 110.39A 
2 Isovaleric acid 
213.77 
± 3.21CD 
171.26 
± 24.58DE 
380.86 
± 43.62A 
231.45 
± 15.04CD 
331.45 
± 40.25AB 
223.73 
± 15.88CD 
277.98 
± 62.96BC 
381.40 
± 32.92A 
261.07 
± 26.23BCD 
268.21 
± 19.97BC 
3 Oxalic acid, diTMS 
152.88 
± 28.94AB 
167.32 
± 30.71AB 
104.78 
± 9.42BC 
102.78 
± 4.04BC 
115.95 
± 14.20BC 
157.78 
± 6.79AB 
139.82 
± 65.83ABC 
101.33 
± 10.93BC 
175.87 
± 19.13AB 
218.59 
± 54.44A 
 Total 
3188.91 
± 221.50C 
2429.48 
± 78.04D 
3319.99 
± 111.11C 
2503.68 
± 70.44D 
4056.93 
± 261.98B 
2489.03 
± 53.32D 
3934.42 
± 173.43B 
3385.27 
± 75.86C 
4322.53 
± 122.78B 
4798.95 
± 122.95A 
 Alcohols 
4 Amyl alcohol 
40.99 
± 0.89BC 
39.49 
± 7.88BC 
46.64 
± 3.11AB 
41.43 
± 2.77BC 
34.38 
± 2.02CD 
34.84 
± 0.73CD 
25.26 
± 0.77EF 
18.77 
± 2.57F 
19.24 
± 1.33EF 
23.20 
± 1.61EF 
5 1-Hexanol - - - - - - - - - - 
6 2,3-Butanediol 
71.89 
± 7.07DEF 
133.42 
± 29.33BC 
46.00 
± 10.13EF 
50.81 
± 13.40DEF 
164.02 
± 21.11B 
106.29 
± 12.63BCD 
410.45 
± 39.94A 
104.53 
± 19.09CDE 
434.76 
± 30.24A 
433.56 
± 30.92A 
7 1,3-Butanediol 
116.55 
± 19.76EF 
103.57 
± 6.30F 
169.21 
± 8.20BCDE 
189.85 
± 18.88BCD 
351.41 
± 49.75A 
184.09 
± 7.25BCD 
368.60 
± 6.89A 
218.97 
± 45.64B 
227.35 
± 27.38B 
200.75 
± 16.73BC 
8 Benzyl alcohol 
126.46 
± 10.48BCDE 
128.10 
± 7.78BCDE 
120.06 
± 12.48CDEF 
145.05 
± 13.47ABC 
142.20 
± 3.49BCD 
108.49 
± 34.35CDEF 
121.10 
± 14.39CDEF 
170.75 
± 33.19AB 
122.76 
± 6.91CDEF 
188.15 
± 14.47A 
9 2-Phenylethyl alcohol 
382.59 
± 21.94EF 
98.05 
± 3.62H 
510.18 
± 14.16D 
296.66 
± 34.00F 
887.19 
± 22.30B 
361.74 
± 9.94EF 
397.44 
± 55.17E 
828.68 
± 37.29B 
1083.60 
± 59.08A 
614.51 
± 36.63C 
 Total 
738.48 
± 46.57E 
502.64 
± 15.13FG 
892.08 
± 43.02D 
723.81 
± 75.55E 
1579.19 
± 53.37B 
795.46 
± 28.18DE 
1322.85 
± 98.80C 
1341.70 
± 94.88C 
1887.71 
± 14.89A 
1460.17 
± 17.57BC 
 Aldehydes 
10 2-Methylbutanal 
12.87 
± 2.36DEF 
13.63 
± 1.07CDEF 
18.58 
± 1.32BCDE 
14.78 
± 2.85CDEF 
19.73 
± 1.46BC 
25.11 
± 3.21B 
18.83 
± 2.86BCDE 
24.48 
± 0.72B 
44.77 
± 2.94A 
40.71 
± 4.05A 
11 3-Methylbutanal 
47.18 
± 4.76EFG 
39.76 
± 3.71GH 
89.00 
± 3.45D 
61.16 
± 8.44E 
113.90 
± 6.01BC 
104.47 
± 2.92CD 
96.20 
± 3.84D 
125.18 
± 4.12AB 
138.82 
± 2.11A 
121.71 
± 8.29B 
12 Pentanal 
128.54 
± 6.19BC 
135.89 
± 6.09B 
115.66 
± 5.25BCD 
104.88 
± 4.09CDE 
110.01 
± 5.29CDE 
89.10 
± 0.95E 
113.41 
± 13.36BCDE 
128.79 
± 6.44BC 
95.52 
± 3.86DE 
117.33 
± 7.99BCD 
13 Hexanal 
191.78 
± 14.84DEF 
162.76 
± 4.62FGH 
178.35 
± 8.71EFG 
153.03 
± 3.27GHI 
138.56 
± 11.29HIJ 
128.82 
± 2.46IJ 
155.26 
± 15.99GHI 
178.77 
± 11.87EFG 
113.75 
± 5.49J 
135.14 
± 8.35HIJ 
14 Heptanal 
24.46 
± 2.11FGH 
19.72 
± 1.18H 
27.89 
± 0.37CDEFG 
21.93 
± 2.49GH 
24.34 
± 2.46FGH 
24.15 
± 2.59FGH 
27.06 
± 2.66EFGH 
33.97 
± 0.91BCDE 
27.44 
± 3.63DEFG 
30.54 
± 2.21BCDEF 
15 Octanal 
29.99 
± 0.73EFG 
22.40 
± 1.00G 
38.97 
± 1.00BC 
36.77 
± 3.53CDE 
38.93 
± 1.22BC 
36.89 
± 5.74CDE 
37.63 
± 4.40CDE 
40.63 
± 1.77BC 
38.71 
± 3.36BCD 
30.67 
± 0.40DEF 
16 Nonanal 
58.80 
± 6.31BC 
41.50 
± 4.00C 
67.74 
± 6.13BC 
52.21 
± 8.14BC 
46.94 
± 2.26BC 
83.12 
± 27.26ABC 
66.21 
± 18.27BC 
61.49 
± 6.52BC 
131.49 
± 27.89A 
63.11 
± 6.44BC 
17 Benzaldehyde 
86.48 
± 3.83EFGH 
81.56 
± 6.82FGH 
110.03 
± 2.86BCD 
89.33 
± 8.18EFGH 
112.20 
± 4.36ABC 
99.05 
± 5.63CDEF 
114.24 
± 8.22ABC 
115.94 
± 4.16ABC 
126.94 
± 13.90AB 
130.59 
± 4.14A 
18 Benzeneacetaldehyde 
163.81 
± 12.86C 
40.34 
± 1.96F 
207.65 
± 5.54B 
82.21 
± 8.73E 
264.64 
± 14.95A 
77.04 
± 3.08E 
110.05 
± 16.04D 
229.86 
± 8.14B 
159.16 
± 8.52C 
79.04 
± 2.12E 
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No. Volatile 0PS-100⁰C 7PS-100⁰C 0PS-120⁰C 3PS-120⁰C 0PS-135⁰C 3PS-135⁰C 7PS-135⁰C 0PS-140⁰C 0PS-160⁰C 7PS-160⁰C 
19 Methyl phenyl pentenal 
16.69 
± 2.22FG 
11.30 
± 2.05GH 
24.84 
± 2.14EF 
32.45 
± 3.07DE 
45.69 
± 4.68B 
35.78 
± 4.74CD 
37.16 
± 4.19CD 
42.45 
± 1.24BC 
50.40 
± 2.05AB 
55.38 
± 3.77A 
20 5-Methyl-2-phenyl-2-hexenal 
74.90 
± 7.82EF 
41.61 
± 8.94FG 
126.73 
± 9.41DE 
151.65 
± 35.42CD 
307.41 
± 47.56A 
170.50 
± 14.16CD 
184.43 
± 22.13BC 
228.96 
± 13.64B 
135.34 
± 11.14CD 
162.10 
± 11.41CD 
 Total 
835.52 
± 43.38E 
610.47 
± 34.10F 
1005.42 
± 10.46BC 
800.40 
± 56.86E 
1222.36 
± 34.22A 
874.03 
± 31.49DE 
960.50 
± 35.84BCD 
1210.53 
± 41.90A 
1062.34 
± 73.68B 
966.34 
± 26.49BCD 
 Ketones 
21 2-Heptanone 
28.56 
± 2.89CDEF 
32.25 
± 1.05BCDE 
27.84 
± 2.30CDEF 
28.27 
± 2.08CDEF 
23.96 
± 2.47F 
25.87 
± 1.69DEF 
25.12 
± 4.18EF 
26.23 
± 2.16DEF 
31.63 
± 3.09BCDEF 
35.78 
± 4.03BC 
22 3-Octanone - - - - - - - - - - 
23 3-Hydroxy-2-butanone 
57.44 
± 4.51A 
56.38 
± 6.04A 
34.93 
± 4.85B 
27.48 
± 2.14BC 
- - - - - - 
24 2-Octanone - - - - - - - - - - 
25 3-Octen-2-one - - 
28.39 
± 1.16D 
24.58 
± 3.67D 
65.88 
± 3.71B 
47.87 
± 6.46C 
55.02 
± 2.41C 
70.41 
± 2.63B 
96.63 
± 4.61A 
70.86 
± 4.19B 
26 2-Nonanone 
14.52 
± 0.27C 
15.90 
± 0.42C 
20.76 
± 0.91B 
21.58 
± 1.55B 
- - - - - - 
27 Acetophenone 
28.73 
± 1.48EFGH 
32.36 
± 0.99CDEF 
39.31 
± 0.64BCDE 
45.30 
± 4.68BCD 
48.47 
± 1.59B 
54.49 
± 5.07B 
53.99 
± 1.23B 
47.05 
± 2.50BC 
86.02 
± 9.08A 
76.51 
± 14.98A 
 Total 
129.25 
± 2.05C 
136.89 
± 6.00C 
151.22 
± 4.16C 
147.21 
± 11.83C 
138.31 
± 6.90C 
128.23 
± 12.49C 
134.14 
± 5.59C 
143.69 
± 7.29C 
214.27 
± 16.41A 
183.15 
± 22.94B 
 Pyrazines 
28 Methylpyrazine - - - - 
12.84 
± 1.35B 
15.13 
± 1.81B 
16.13 
± 2.80B 
22.79 
± 3.16B 
38.57 
± 11.87A 
22.46 
± 3.57B 
29 2,5-Dimethylpyrazine - - 
12.99 
± 0.49FG 
10.44 
± 1.65G 
19.63 
± 1.18DE 
18.71 
± 1.44E 
26.12 
± 0.80C 
22.21 
± 0.89D 
33.41 
± 2.59B 
40.19 
± 1.67A 
30 2,6-Dimethylpyrazine - - - - 
17.53 
± 0.65B 
19.62 
± 1.53B 
18.57 
± 1.89B 
19.30 
± 1.59B 
37.12 
± 3.49A 
33.76 
± 1.97A 
31 2-Ethyl-6-methylpyrazine - - 
6.01 
± 0.45DE 
4.50 
± 0.69DE 
14.58 
± 1.34C 
9.76 
± 1.66CD 
14.57 
± 1.51C 
15.95 
± 1.35C 
38.41 
± 1.78B 
34.98 
± 3.79B 
32 2-Ethyl-5-methylpyrazine - - - - 
37.81 
± 1.16BC 
31.82 
± 2.89C 
41.74 
± 1.51B 
45.71 
± 2.77B 
69.77 
± 2.64A 
74.19 
± 9.10A 
33 Trimethylpyrazine 
10.95 
± 0.97H 
13.71 
± 1.10GH 
25.76 
± 0.81EFGH 
21.08 
± 1.65FGH 
63.77 
± 4.13C 
47.84 
± 3.03CDE 
134.19 
± 2.70B 
63.11 
± 5.09C 
151.72 
± 8.46B 
345.28 
± 28.80A 
34 2,6-Diethyl-3-ethylpyrazine - - - - 
209.63 
± 19.22C 
116.82 
± 23.22E 
183.51 
± 31.55CD 
166.80 
± 8.52D 
349.66 
± 19.98B 
488.17 
± 15.51A 
35 Tetramethylpyrazine 
178.26 
± 23.40FG 
581.62 
± 9.37C 
197.79 
± 8.92EF 
150.22 
± 29.12FGH 
277.23 
± 3.21DE 
103.26 
± 7.94GH 
966.32 
± 63.36B 
223.28 
± 7.86DEF 
306.64 
± 27.86D 
1467.80 
± 79.11A 
36 3,5-Diethyl-2-methylpyrazine - - 
20.13 
± 0.90DE 
13.15 
± 2.25E 
39.37 
± 5.40B 
27.13 
± 1.21CD 
36.67 
± 4.64BC 
35.74 
± 0.76BC 
87.60 
± 10.30A 
78.01 
± 6.40A 
37 
2,3,5-Trimethyl-6-
ethylpyrazine 
30.72 
± 3.87D 
37.24 
± 2.06D 
49.86 
± 1.72D 
36.29 
± 2.13D 
107.94 
± 1.38C 
36.58 
± 5.38D 
136.54 
± 7.28B 
95.57 
± 4.69C 
154.58 
± 14.28B 
305.20 
± 21.20A 
38 
2,5-Dimethyl-3-n-
pentylpyrazine 
- - - - 
35.15 
± 8.84C 
24.88 
± 1.34C 
34.45 
± 1.24C 
27.22 
± 8.81C 
64.47 
± 8.92B 
99.42 
± 18.32A 
 Total 
219.93 
± 22.79GH 
632.58 
± 11.08E 
312.54 
± 11.95G 
235.69 
± 30.95GH 
835.48 
± 24.91D 
451.54 
± 41.22F 
1608.82 
± 63.47B 
737.68 
± 20.06DE 
1331.95 
± 53.81C 
2989.47 
± 134.56A 
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No. Volatile 0PS-100⁰C 7PS-100⁰C 0PS-120⁰C 3PS-120⁰C 0PS-135⁰C 3PS-135⁰C 7PS-135⁰C 0PS-140⁰C 0PS-160⁰C 7PS-160⁰C 
 Esters 
39 Methyl acetate 
32.38 
± 3.61BCD 
25.70 
± 5.58DEF 
19.85 
± 0.88F 
20.32 
± 2.76EF 
24.70 
± 1.97DEF 
25.57 
± 1.94DEF 
26.39 
± 2.05DEF 
28.72 
± 2.71CDEF 
54.67 
± 3.99A 
41.19 
± 3.62B 
40 Ethyl octanoate 
11.68 
± 1.34CD 
9.67 
± 0.69DE 
17.82 
± 0.38A 
15.95 
± 1.74AB 
- - - - - - 
41 Methyl phenyl acetate - - - - 
18.67 
± 3.84B 
22.67 
± 7.43B 
17.72 
± 3.64B 
20.17 
± 0.43B 
44.66 
± 0.97A 
46.71 
± 2.91A 
42 Ethyl phenyl acetate 
40.35 
± 4.46EFG 
56.45 
± 3.51CDE 
44.85 
± 3.86EF 
49.32 
± 13.73DEF 
70.12 
± 9.51C 
65.55 
± 7.59CD 
97.99 
± 5.01B 
75.15 
± 5.65C 
74.31 
± 9.27C 
118.35 
± 7.06A 
43 Phenyl ethyl acetate 
99.28 
± 6.74EFGH 
83.45 
± 5.60FGHI 
103.91 
± 2.26DEFG 
64.51 
± 12.44IJ 
123.59 
± 7.07BCDE 
53.24 
± 2.37J 
106.95 
± 14.60DEF 
109.98 
± 8.94DEF 
128.75 
± 8.61BCD 
139.89 
± 9.72BC 
44 Amyl benzoate 
56.76 
± 6.76BCDE 
71.27 
± 6.35ABC 
51.16 
± 1.52CDEF 
76.55 
± 11.67ABC 
57.74 
± 5.01BCDE 
70.54 
± 7.15BCD 
78.73 
± 14.05AB 
60.22 
± 3.42BCDE 
73.90 
± 15.46ABC 
97.22 
± 12.84A 
 Total 
240.45 
± 8.11DEFG 
246.54 
± 4.44DEF 
237.59 
± 8.03EFGH 
226.65 
± 39.62FGH 
294.81 
± 9.20CD 
237.58 
± 20.76EFGH 
327.78 
± 37.45BC 
294.24 
± 12.20CDE 
376.30 
± 8.23B 
443.37 
± 17.32A 
 Terpenes and terpenoids 
45 Delta-3-carene 
9.96 
± 1.26ABCD 
8.28 
± 0.10BCDE 
12.00 
± 0.49AB 
8.28 
± 1.52BCDE 
7.32 
± 0.32DE 
8.30 
± 0.59BCDE 
7.35 
± 1.06CDE 
10.11 
± 0.61ABCD 
13.20 
± 1.35A 
12.84 
± 4.02A 
46 Myrcene 
5.85 
± 1.19EF 
6.41 
± 0.45DEF 
10.24 
± 0.84A 
8.12 
± 0.61BCD 
8.65 
± 0.46ABC 
8.85 
± 0.89AB 
8.58 
± 0.47ABC 
10.06 
± 1.47AB 
9.66 
± 0.89AB 
10.58 
± 0.17A 
47 Limonene 
14.94 
± 1.03CDE 
10.78 
± 1.15EF 
11.49 
± 0.28DEF 
10.30 
± 2.38F 
9.66 
± 1.01F 
12.68 
± 0.79DEF 
11.28 
± 0.73EF 
12.18 
± 1.46DEF 
19.84 
± 1.49B 
17.73 
± 0.84BC 
48 Cis-ocimene 
11.23 
± 1.44E 
11.10 
± 0.90E 
19.15 
± 1.64BC 
16.29 
± 0.90CD 
20.69 
± 2.14ABC 
21.24 
± 2.63AB 
22.15 
± 1.00AB 
22.73 
± 2.16AB 
24.43 
± 0.73A 
24.22 
± 1.77A 
49 Trans-ocimene - - 
5.37 
± 0.58AB 
4.88 
± 0.84AB 
6.28 
± 1.02AB 
6.11 
± 0.19AB 
5.03 
± 0.26AB 
5.24 
± 0.59AB 
5.13 
± 1.60AB 
10.67 
± 8.56A 
50 Linalool oxide 
23.55 
± 6.49CD 
22.62 
± 1.82CD 
27.84 
± 4.07ABC 
37.33 
± 8.99ABC 
43.25 
± 11.46A 
25.47 
± 2.59BCD 
32.30 
± 5.09ABC 
28.99 
± 6.78ABC 
29.15 
± 7.83ABC 
39.76 
± 2.41AB 
51 Dihydromyrcenol - - - - - - - - - - 
52 Linalool 
74.91 
± 10.99CD 
69.19 
± 3.91D 
93.47 
± 7.97BCD 
91.92 
± 5.17BCD 
113.34 
± 5.72AB 
93.09 
± 7.36BCD 
117.01 
± 5.72AB 
99.75 
± 6.02ABC 
113.72 
± 7.08AB 
121.33 
± 24.83A 
53 Epoxylinalool 
42.23 
± 5.69B 
36.47 
± 9.42B 
31.81 
± 3.30B 
39.04 
± 8.06B 
40.66 
± 3.60B 
30.64 
± 7.39BC 
39.56 
± 5.60B 
36.16 
± 6.58B 
45.82 
± 5.16B 
62.66 
± 8.17A 
 Total 
182.68 
± 22.76DEF 
164.85 
± 13.77EF 
211.37 
± 8.13CD 
216.16 
± 10.99BCD 
249.85 
± 14.42BC 
206.38 
± 16.13CDE 
243.26 
± 6.83BC 
225.21 
± 9.30BCD 
260.95 
± 14.76AB 
299.79 
± 41.18A 
 Furans, furanones, pyrans, pyrones 
54 2-Pentyl furan 
47.17 
± 2.38GH 
53.87 
± 5.08GH 
65.96 
± 3.08DEF 
43.10 
± 1.69H 
43.54 
± 4.84H 
55.82 
± 2.24FG 
45.82 
± 3.46GH 
69.68 
± 5.13CD 
70.44 
± 3.83CD 
68.91 
± 0.50CD 
55 Rose oxide - - 
65.26 
± 1.53D 
52.58 
± 5.05D 
134.24 
± 12.68B 
114.38 
± 10.77C 
138.39 
± 7.35B 
147.14 
± 5.55B 
211.72 
± 10.45A 
202.66 
± 12.08A 
56 γ-Butyrolactone - - 
24.64 
± 10.57CDE 
19.47 
± 5.04DE 
47.40 
± 16.72BCD 
58.54 
± 20.59B 
54.64 
± 25.01BC 
39.62 
± 1.13BCD 
99.05 
± 9.43A 
93.96 
± 15.95A 
57 Furfuryl alcohol - - 
49.85 
± 2.49D 
52.63 
± 13.64CD 
76.58 
± 4.99BC 
78.92 
± 7.49B 
94.76 
± 5.52AB 
86.39 
± 9.57B 
114.05 
± 5.63A 
91.61 
± 9.93AB 
58 5-Ethyl-2(5H)-furanone - - - - - - - - - - 
59 Tetrahydro-2H-pyran-2-one - - - - 27.68 24.72 33.34 29.81 55.34 31.94 
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No. Volatile 0PS-100⁰C 7PS-100⁰C 0PS-120⁰C 3PS-120⁰C 0PS-135⁰C 3PS-135⁰C 7PS-135⁰C 0PS-140⁰C 0PS-160⁰C 7PS-160⁰C 
± 4.92BC ± 3.45C ± 4.94B ± 3.17BC ± 1.47A ± 1.13B 
60 Pantoic lactone - - 
36.09 
± 1.41CDE 
35.06 
± 4.09CDE 
30.63 
± 4.00CDE 
23.68 
± 1.54E 
50.54 
± 23.16BC 
46.25 
± 2.93BCD 
65.80 
± 2.22B 
101.24 
± 5.52A 
61 
2,3-Dihydro-3,5-dihydroxy-6-
methyl-4H-pyran-4-one 
- - 
39.70 
± 10.27CD 
- 
37.31 
± 3.15CDE 
33.62 
± 4.31DE 
53.44 
± 20.49BCD 
170.03 
± 40.69A 
74.26 
± 8.79BC 
82.10 
± 11.52B 
 Total 
47.17 
± 2.38H 
53.87 
± 5.08H 
281.51 
± 17.41EF 
202.85 
± 22.45FG 
397.38 
± 14.30CD 
389.67 
± 29.31D 
470.92 
± 76.68C 
588.92 
± 49.31B 
690.66 
± 11.12A 
672.44 
± 9.31A 
 Pyrroles 
62 Isoamyl-2-formyl pyrrole - - - - 
44.46 
± 8.60BC 
25.37 
± 10.37D 
37.03 
± 3.18BCD 
31.64 
± 4.27CD 
52.19 
± 10.01B 
148.55 
± 11.52A 
63 2-Acetylpyrrole 
19.29 
± 0.65E 
19.29 
± 0.70E 
42.71 
± 1.02CD 
43.39 
± 2.88CD 
87.08 
± 3.59B 
55.29 
± 1.74C 
92.22 
± 10.26B 
83.22 
± 4.08B 
116.65 
± 6.07A 
126.93 
± 7.92A 
64 2-Formylpyrrole - - - - 
64.31 
± 16.11A 
44.13 
± 4.46B 
61.95 
± 8.81A 
51.82 
± 2.56AB 
59.49 
± 2.71AB 
57.90 
± 7.57AB 
 Total 
19.29 
± 0.65G 
19.29 
± 0.70G 
42.71 
± 1.02FG 
43.39 
± 2.88FG 
195.85 
± 26.16BC 
124.79 
± 14.78D 
191.20 
± 16.15C 
166.68 
± 6.52C 
228.33 
± 17.33B 
333.38 
± 22.10A 
 Others 
65 Dimethyldisulfide - 
0.00 
± 0.00C 
13.23 
± 0.77B 
12.74 
± 1.75B 
13.01 
± 1.45B 
15.18 
± 1.47B 
14.42 
± 1.63B 
13.24 
± 0.73B 
24.45 
± 2.40A 
22.52 
± 1.47A 
66 o-Xylene 
9.17 
± 2.01ABCD 
8.77 
± 0.38ABCDE 
9.43 
± 2.27ABCD 
7.74 
± 1.79BCDE 
7.50 
± 0.13CDE 
8.41 
± 1.11ABCDE 
6.50 
± 0.62DE 
13.30 
± 2.40A 
12.47 
± 2.96AB 
12.36 
± 2.93ABC 
67 Pyridine - - 
3.35 
± 0.87ABC 
2.81 
± 0.79BC 
2.82 
± 1.07BC 
2.60 
± 0.85BC 
2.53 
± 0.34C 
2.90 
± 0.33BC 
4.94 
± 0.79A 
4.44 
± 0.92AB 
68 2-Methoxyphenol - - - - 
24.13 
± 7.85BC 
16.93 
± 3.97C 
29.61 
± 1.95BC 
31.66 
± 4.91B 
36.85 
± 1.64B 
52.07 
± 15.80A 
69 Pyrrolidinone - - - - 
31.44 
± 2.88C 
25.84 
± 1.96CD 
30.17 
± 3.72C 
29.51 
± 4.29CD 
65.10 
± 10.05B 
125.96 
± 36.43A 
 Total 
9.17 
± 2.01G 
8.77 
±  0.38G 
26.01 
± 1.37FG 
23.29 
± 4.25FG 
78.90 
± 5.01CD 
68.97 
± 5.12CDE 
83.23 
± 2.69CD 
90.61 
± 3.59C 
143.81 
± 9.76B 
217.33 
± 44.99A 
 Grand total 
5610.87 
± 346.36F 
4805.39 
± 123.78G 
6480.46 
± 124.59E 
5123.13 
± 244.52FG 
9049.06 
± 400.27C 
5765.68 
± 182.63EF 
9277.11 
± 458.77C 
8184.53 
± 174.66D 
10518.86 
± 283.81B 
12364.38 
± 86.20A 
For each row different alphabets represent significant differences (α = 0.05) among samples. (#) peak was present but too small to be integrated. 
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Table 6.7b: Concentrations (ng/g cocoa) of aroma volatiles identified from dark chocolates produced from commercial cocoa liquors [n = 3] 
No. Volatile Ecuador Ghana Ivory coast Madagascar Venezuela Vietnam Description* KI 
 Acids 
1 Acetic acid 
3000.67 
± 118.90C 
2405.33 
± 180.97EF 
1479.63 
± 95.61H 
2433.68 
± 199.92DEF 
1821.11 
± 134.11GH 
2478.24 
± 106.48DEF 
Sour, vinegar 1418.21 
2 Isovaleric acid 
47.69 
± 3.58F 
177.29 
± 54.46D 
14.14 
± 0.33F 
56.29 
± 9.63F 
53.28 
± 7.09F 
86.37 
± 18.30EF 
Sweat, rancid 1607.91 
3 Oxalic acid, diTMS 
112.94 
± 10.25BC 
124.14 
± 1.84BC 
113.91 
± 24.46BC 
112.13 
± 21.25BC 
67.35 
± 8.08C 
132.23 
± 5.63BC 
- 1357.99 
 Total 
3161.30 
± 130.83C 
2706.76 
± 235.68D 
1607.69 
± 120.28E 
2602.10 
± 172.15D 
1941.73 
± 133.99E 
2696.84 
± 127.92D 
  
 Alcohols 
4 Amyl alcohol 
36.04 
± 1.23CD 
54.43 
± 1.01A 
41.98 
± 4.25BC 
27.58 
± 2.91DE 
35.64 
± 0.87CD 
20.94 
± 1.53EF 
Banana 1236.36 
5 1-Hexanol 
8.87 
± 0.17B 
- - 
9.74 
± 0.15A 
7.65 
± 0.16C 
7.70 
± 0.79C 
Fruity, green 1340.18 
6 2,3-Butanediol 
21.89 
± 2.25F 
68.92 
± 19.15DEF 
69.53 
± 9.71DEF 
42.55 
± 0.68F 
55.12 
± 0.85DEF 
56.95 
± 3.69DEF 
Cocoa butter 1507.95 
7 1,3-Butanediol 
87.29 
± 7.23F 
137.10 
± 14.34CDEF 
132.89 
± 19.34DEF 
115.32 
± 11.16EF 
83.34 
± 2.39F 
138.52 
± 5.14CDEF 
Sweet, flowery, 
caramel 
1540.13 
8 Benzyl alcohol 
86.16 
± 1.28EFGH 
96.63 
± 7.36EFGH 
55.05 
± 9.91GH 
97.78 
± 6.92DEFG 
53.07 
± 1.98H 
79.02 
± 3.54FGH 
Sweet, floral 1767.54 
9 2-Phenylethyl alcohol 
181.16 
± 6.36GH 
190.10 
± 6.88G 
137.21 
± 33.00GH 
134.11 
± 17.90GH 
119.80 
± 9.29GH 
174.42 
± 3.38GH 
Floral 1793.64 
 Total 
421.41 
± 3.43FG 
547.18 
± 43.20F 
436.66 
± 68.35FG 
427.08 
± 14.70FG 
354.60 
± 12.08G 
477.55 
± 10.43FG 
  
 Aldehydes 
10 2-Methylbutanal 
12.79 
± 1.85EF 
16.25 
± 1.37CDEF 
19.41 
± 1.57BCD 
12.72 
± 1.25EF 
11.96 
± 0.67F 
16.49 
± 1.55CDEF 
Cocoa, chocolate 915.12 
11 3-Methylbutanal 
37.77 
± 3.40GH 
58.12 
± 6.46EF 
43.97 
± 0.81FGH 
33.14 
± 6.68GH 
31.17 
± 2.80H 
55.64 
± 7.24EF 
Cocoa, chocolate 917.15 
12 Pentanal 
186.76 
± 7.65A 
164.55 
± 0.67A 
89.50 
± 7.30E 
162.26 
± 23.68A 
96.15 
± 1.91DE 
122.76 
± 3.15BC 
Pungent 953.13 
13 Hexanal 
376.68 
± 14.26A 
253.21 
± 6.34C 
171.20 
± 6.38FG 
325.30 
± 19.30B 
207.47 
± 1.46DE 
212.98 
± 0.63D 
Green 1047.75 
14 Heptanal 
52.01 
± 2.39A 
35.84 
± 1.45B 
34.75 
± 5.17BCD 
54.36 
± 1.94A 
37.32 
± 1.90B 
35.09 
± 2.15BC 
- 1158.50 
15 Octanal 
50.89 
± 2.29A 
34.25 
± 2.89CDEF 
32.57 
± 3.58CDEF 
46.12 
± 2.32AB 
33.59 
± 1.21CDEF 
28.22 
± 1.28FG 
Fatty, waxy 1268.20 
16 Nonanal 
71.80 
± 1.95BC 
66.53 
± 11.96BC 
84.82 
± 36.40ABC 
97.86 
± 36.06AB 
77.37 
± 10.63BC 
54.70 
± 4.54BC 
Soapy 1372.10 
17 Benzaldehyde 
71.53 
± 5.23HI 
104.33 
± 2.62CDE 
93.61 
± 6.65DEFG 
75.47 
± 5.85GHI 
62.85 
± 1.42I 
71.47 
± 0.70HI 
Almond, burnt 
sugar 
1477.26 
18 Benzeneacetaldehyde 
16.44 
± 1.06G 
36.31 
± 3.49FG 
17.33 
± 3.46FG 
26.46 
± 3.48FG 
16.75 
± 1.59G 
31.71 
± 1.43FG 
Honey, sweet, 
rose, flora 
1804.38 
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No. Volatile Ecuador Ghana Ivory coast Madagascar Venezuela Vietnam Description* KI 
19 Methyl phenyl pentenal 
8.62 
± 0.78GH 
10.74 
± 0.77GH 
8.90 
± 1.19GH 
16.50 
± 3.53FG 
7.55 
± 0.93H 
10.05 
± 1.23GH 
Cocoa 1814.71 
20 5-Methyl-2-phenyl-2-hexenal 
21.11 
± 2.25FG 
36.38 
± 4.24FG 
15.44 
± 1.20G 
60.42 
± 15.84FG 
11.13 
± 0.77G 
30.47 
± 1.24FG 
Cocoa 1908.33 
 Total 
906.41 
± 25.88CDE 
816.50 
± 15.63E 
611.51 
± 47.08F 
910.62 
± 18.15CDE 
593.31 
± 19.65F 
669.58 
± 16.43F 
  
 Ketones 
21 2-Heptanone 
36.94 
± 2.59B 
33.87 
± 3.96BCD 
29.70 
± 2.02BCDEF 
48.78 
± 2.64A 
24.19 
± 1.19EF 
35.33 
± 2.67BC 
Fruity, floral 1155.99 
22 3-Octanone - - - 
11.59 
± 1.62A 
- - - 1233.48 
23 3-Hydroxy-2-butanone 
7.87 
± 1.11E 
26.83 
± 2.13C 
19.18 
± 2.58D 
- - - Butter, cream 1254.32 
24 2-Octanone - - 
9.52 
± 0.62A 
- - - - 1264.97 
25 3-Octen-2-one - 
10.19 
± 0.77E 
- - - - - 1343.52 
26 2-Nonanone 
27.85 
± 1.93A 
28.96 
± 1.61A 
20.57 
± 3.14B 
23.24 
± 0.18B 
21.46 
± 2.01B 
22.50 
± 0.57B 
Milk, green, fruity 1368.61 
27 Acetophenone 
14.86 
± 1.58HI 
30.25 
± 2.82DEFG 
15.75 
± 1.60GHI 
14.58 
± 2.24HI 
13.41 
± 0.40I 
22.68 
± 4.42FGHI 
Floral, almond 1587.15 
 Total 
87.52 
± 4.98DE 
130.09 
± 6.42C 
94.73 
± 5.59D 
98.19 
± 4.87D 
59.05 
± 1.01E 
80.52 
± 6.64DE 
  
 Pyrazines 
28 Methylpyrazine - - 
13.58 
± 5.76B 
- - - 
Nutty, cocoa, 
roasted-nuts 
1239.39 
29 2,5-Dimethylpyrazine 
18.21 
± 1.00E 
17.69 
± 0.58E 
- 
17.57 
± 0.94E 
11.80 
± 0.61FG 
14.00 
± 0.60F 
Cocoa, roasted 
nuts 
1299.09 
30 2,6-Dimethylpyrazine - - 
12.21 
± 1.06C 
- - - 
Nutty, coffee, 
green 
1304.66 
31 2-Ethyl-6-methylpyrazine 
3.66 
± 0.57DE 
121.96 
± 4.93A 
4.37 
± 0.59DE 
3.84 
± 0.61DE 
2.90 
± 0.25DE 
124.64 
± 7.75A 
Roasted, coffee, 
hazelnut 
1362.22 
32 2-Ethyl-5-methylpyrazine - 
4.51 
± 0.37D 
- - - 
6.12 
± 0.57D 
Nutty, raw potato 1368.64 
33 Trimethylpyrazine 
45.73 
± 3.57CDE 
41.71 
± 3.66CDEF 
19.31 
± 1.04FGH 
35.10 
± 2.57DEFG 
28.92 
± 0.80EFGH 
54.90 
± 1.72CD 
Cocoa, roasted 
nuts, sweet, 
smoky 
1381.21 
34 2,6-Diethyl-3-ethylpyrazine - - - - - - - 1435.11 
35 Tetramethylpyrazine 
189.34 
± 11.52EFG 
626.85 
± 36.22C 
76.85 
± 11.61H 
65.41 
± 4.68H 
104.55 
± 6.30GH 
552.69 
± 5.51C 
Cocoa, coffee, 
roasted 
1448.42 
36 3,5-Diethyl-2-methylpyrazine 
18.96 
± 1.68DE 
16.44 
± 2.05DE 
16.63 
± 4.92DE 
- - 
19.56 
± 0.86DE 
- 1465.49 
37 2,3,5-Trimethyl-6-ethylpyrazine 
47.28 
± 3.65D 
43.36 
± 1.04D 
38.76 
± 7.05D 
- 
41.53 
± 1.46D 
48.35 
± 2.03D 
Candy, sweet 1484.11 
38 2,5-Dimethyl-3-n-pentylpyrazine - - 
27.63 
± 1.95C 
- - - - 1602.94 
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No. Volatile Ecuador Ghana Ivory coast Madagascar Venezuela Vietnam Description* KI 
 Total 
323.18 
± 18.51FG 
872.53 
± 45.55D 
209.34 
± 27.55GH 
121.92 
± 6.70H 
189.70 
± 7.54GH 
820.26 
± 5.12D 
  
 Esters 
39 Methyl acetate 
25.80 
± 1.22DEF 
23.47 
± 3.45DEF 
29.29 
± 5.05CDE 
25.64 
± 3.61DEF 
35.93 
± 0.75BC 
25.48 
± 1.17DEF 
- 888.28 
40 Ethyl octanoate 
11.76 
± 1.16CD 
12.08 
± 1.18C 
8.99 
± 0.98EF 
7.11 
± 0.18F 
9.45 
± 0.34DEF 
14.83 
± 0.83B 
Fruity, floral 1415.50 
41 Methyl phenyl acetate - - - - - - 
Sweet, honey, 
jasmine 
1678.38 
42 Ethyl phenyl acetate 
31.12 
± 2.87FG 
34.48 
± 1.12FG 
- 
39.45 
± 4.68EFG 
25.87 
± 2.14G 
39.84 
± 1.17EFG 
Fruity, sweet 1700.45 
43 Phenyl ethyl acetate 
143.28 
± 13.05B 
114.83 
± 1.19CDE 
56.81 
± 12.21IJ 
78.61 
± 10.10GHIJ 
76.75 
± 5.41HIJ 
203.56 
± 8.57A 
honey, floral 1722.77 
44 Amyl benzoate 
38.91 
± 4.43EF 
44.57 
± 2.52DEF 
36.34 
± 8.27EF 
30.14 
± 6.60F 
41.21 
± 5.33EF 
37.15 
± 9.96EF 
Balsam, sweet 1742.59 
 Total 
250.88 
± 16.37DEF 
229.43 
± 5.02FGH 
131.43 
± 19.77I 
180.94 
± 20.49HI 
189.21 
± 12.78GH 
320.85 
± 16.91BC 
  
 Terpenes and terpenoids 
45 Delta-3-carene 
11.20 
± 0.44ABC 
12.60 
± 0.32A 
6.00 
± 0.20E 
6.00 
± 0.05E 
10.15 
± 1.26ABCD 
6.57 
± 0.64DE 
- 1115.82 
46 Myrcene 
4.64 
± 0.30F 
6.80 
± 0.12CDE 
- 
4.50 
± 0.27F 
5.22 
± 0.47EF 
- 
Balsamic, must, 
spicy, sweet 
1139.26 
47 Limonene 
12.56 
± 0.53DEF 
11.61 
± 1.61DEF 
16.02 
± 2.06BCD 
48.47 
± 2.51A 
12.21 
± 2.13DEF 
9.83 
± 1.90F 
Citrus-like 1169.41 
48 Cis-ocimene - 
13.17 
± 1.70DE 
10.16 
± 2.18E 
- - - 
Balsamic, 
peppery, spicy 
1214.52 
49 Trans-ocimene - 
5.38 
± 0.43AB 
- - - - 
Balsamic, must, 
spicy, sweet 
1230.91 
50 Linalool oxide - 
9.89 
± 2.49DE 
- - - - 
Fruity: citrus, 
floral 
1446.42 
51 Dihydromyrcenol - - - 
13.22 
± 1.52A 
- - - 1452.19 
52 Linalool 
16.94 
± 2.11EF 
70.17 
± 2.59D 
38.32 
± 6.16E 
- 
16.94 
± 2.10EF 
25.66 
± 2.68E 
Floral, sweet 1517.66 
53 Epoxylinalool - 
15.47 
± 2.43CD 
- - - - Floral 1690.80 
 Total 
45.33  
± 1.85G 
145.09 
± 5.23F 
70.50 
± 9.12G 
72.19 
± 3.18G 
44.52 
± 1.25G 
42.07 
± 4.91G 
  
 Furans, furanones, pyrans, pyrones 
54 2-Pentyl furan 
112.91 
± 7.48A 
74.65 
± 2.38CD 
67.73 
± 6.71CDE 
99.34 
± 1.27B 
78.65 
± 2.45C 
56.70 
± 0.98EFG 
Green bean, 
vegetable 
1209.21 
55 Rose oxide - 
27.64 
± 1.62E 
- 
9.12 
± 1.45EF 
6.79 
± 1.10F 
18.47 
± 1.57EF 
Floral: geranium-
like 
1337.81 
56 γ-Butyrolactone 
25.12 
± 0.87CDE 
25.51 
± 0.25BCDE 
27.59 
± 2.26BCDE 
29.76 
± 5.79BCDE 
24.57 
± 6.58CDE 
27.42 
± 4.67BCDE 
Cheesy 1564.28 
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No. Volatile Ecuador Ghana Ivory coast Madagascar Venezuela Vietnam Description* KI 
57 Furfuryl alcohol 
38.44 
± 6.73D 
37.00 
± 7.94D 
45.80 
± 19.26D 
45.12 
± 2.67D 
30.95 
± 2.91D 
50.72 
± 1.00D 
Faint burning 1603.11 
58 5-Ethyl-2(5H)-furanone - - - 
14.32 
± 2.13A 
- - - 1673.04 
59 Tetrahydro-2H-pyran-2-one - - - - - - - 1705.16 
60 Pantoic lactone 
29.68 
± 0.93DE 
29.28 
± 3.66DE 
30.81 
± 5.18CDE 
32.55 
± 3.89CDE 
23.45 
± 1.21E 
47.21 
± 5.38BCD 
- 1874.47 
61 
2,3-Dihydro-3,5-dihydroxy-6-
methyl-4H-pyran-4-one 
37.75 
± 7.28CDE 
19.57 
± 0.11DE 
20.15 
± 6.70DE 
55.73 
± 4.91BCD 
25.20 
± 0.43DE 
35.84 
± 2.52DE 
Roasted 2030.28 
 Total 
243.90 
± 4.68EFG 
213.65 
± 8.54EFG 
192.08 
± 14.04G 
285.94 
± 5.22E 
189.61 
± 9.91G 
236.36 
± 13.35EFG 
  
 Pyrroles 
62 Isoamyl-2-formyl pyrrole - - - - - - - 1714.35 
63 2-Acetylpyrrole 
44.68 
± 2.28C 
42.18 
± 2.99CD 
29.57 
± 6.49DE 
55.11 
± 5.74C 
29.77 
± 2.80DE 
88.94 
± 4.23B 
Caramel 1833.53 
64 2-Formylpyrrole - - - - - - - 1867.79 
 Total 
44.68 
± 2.28FG 
42.18 
± 2.99FG 
29.57 
± 6.49FG 
55.11 
± 5.74EF 
29.77 
± 2.80FG 
88.94 
± 4.23E 
  
 Others 
65 Dimethyldisulfide 
12.16 
± 0.56B 
12.93 
± 0.92B 
- - - 
13.44 
± 2.22B 
Sulfurous 1030.73 
66 o-Xylene 
12.30 
± 1.06ABC 
9.15 
± 0.82ABCD 
4.23 
± 0.57E 
6.21 
± 0.57DE 
5.18 
± 0.72DE 
7.22 
± 1.28DE 
- 1103.28 
67 Pyridine - 
2.22 
± 0.40C 
3.68 
± 0.13ABC 
3.08 
± 0.23ABC 
2.43 
± 0.16C 
3.01 
± 0.98BC 
- 1153.16 
68 2-Methoxyphenol - - - - - - Smoky 1752.67 
69 Pyrrolidinone 
42.21 
± 0.59BC 
- 
30.58 
± 8.26C 
45.76 
± 4.78BC 
43.93 
± 0.67BC 
45.67 
± 4.83BC 
- 1882.01 
 Total 
66.66 
± 1.21CDE 
24.30 
± 1.75FG 
38.49 
± 8.89EFG 
55.05 
± 4.84CDEF 
51.54 
± 1.39DEF 
69.35 
± 2.03CDE 
  
 Grand total 
5551.27 
± 64.78F 
5727.71 
± 241.74F 
3421.99 
± 151.10H 
4809.14 
± 160.63G 
3643.05 
± 186.94H 
5502.32 
± 176.40FG 
  
For each row different alphabets represent significant differences (α = 0.05) among samples. (*) odor description from Bonvehi (2005), Afoakwa et al. 
(2008), Rodriguez-Campos et al. (2012), Tran et al. (2015a,b) and Aprotosoaie et al. (2016).  
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Table 6.8a: Odor activity values of aroma volatiles identified from dark chocolates produced from cocoa beans of different pod storage – roasting 
conditions 
No. Volatile OTV (ng/g) 0PS-100⁰C 7PS-100⁰C 0PS-120⁰C 3PS-120⁰C 0PS-135⁰C 3PS-135⁰C 7PS-135⁰C 0PS-140⁰C 0PS-160⁰C 7PS-160⁰C 
  Acids 
1 Acetic acid 124 – 750 3.76 – 22.76 2.79 – 16.86 3.78 – 22.86 2.89 – 17.50 4.81 – 29.11 2.81 – 17.00 4.69 – 28.36 3.87 – 23.41 5.18 – 31.34 5.75 – 34.78 
2 Isovaleric acid 22 – 1000 0.21 – 9.72 0.17 – 7.78 0.38 – 17.31 0.23 – 10.52 0.33 – 15.07 0.22 – 10.17 0.28 – 12.64 0.38 – 17.34 0.26 – 11.87 0.27 – 12.19 
 Alcohols 
3 Amyl alcohol 470 0.09 0.08 0.10 0.09 0.07 0.07 0.05 0.04 0.04 0.05 
4 Hexanol 400 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
5 Benzyl alcohol 
5100  – 
900000 
≤ 0.02 ≤ 0.03 ≤ 0.02 ≤ 0.03 ≤ 0.03 ≤ 0.02 ≤ 0.02 ≤ 0.03 ≤ 0.02 ≤ 0.04 
6 2-Phenyl ethyl alcohol 10 – 590 0.65 – 38.26 0.17 – 9.81 0.86 – 51.02 0.50 – 29.67 1.50 – 88.72 0.61 – 36.17 0.67 – 39.74 1.40 – 82.87 1.84 – 108.36 1.04 – 61.45 
 Aldehydes 
7 2-Methylbutanal 2.2 – 152 0.08 – 5.85 0.09 – 6.19 0.12 – 8.44 0.10 – 6.72 0.13 – 8.97 0.17 – 11.41 0.12 – 8.56 0.16 – 11.13 0.29 – 20.35 0.27 – 18.50 
8 3-Methylbutanal 5.4 – 80 0.59 – 8.74 0.50 – 7.36 1.11 – 16.48 0.76 – 11.33 1.42 – 21.09 1.31 – 19.35 1.20 – 17.82 1.56 – 23.18 1.74 – 25.71 1.52 – 22.54 
9 Pentanal 240 0.54 0.57 0.48 0.44 0.46 0.37 0.47 0.54 0.40 0.49 
10 Hexanal 75 2.56 2.17 2.38 2.04 1.85 1.72 2.07 2.38 1.52 1.80 
11 Heptanal 64.8 0.38 0.30 0.43 0.34 0.38 0.37 0.42 0.52 0.42 0.47 
12 Octanal 320 0.09 0.07 0.12 0.11 0.12 0.12 0.12 0.13 0.12 0.10 
13 Nonanal 56 1.05 0.74 1.21 0.93 0.84 1.48 1.18 1.10 2.35 1.13 
14 Benzaldehyde 60 1.44 1.36 1.83 1.49 1.87 1.65 1.90 1.93 2.12 2.18 
15 Benzeneacetaldehyde 22 – 154 1.06 – 7.45 0.26 – 1.83 1.35 – 9.44 0.53 – 3.74 1.72 – 12.03 0.50 – 3.50 0.71 – 5.00 1.49 – 10.45 1.03 – 7.23 0.51 – 3.59 
 Ketones 
16 2-Heptanone 1500 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 
17 2-Octanone 500 – 510 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
18 3-Octen-2-one 250 0.00 0.00 0.11 0.10 0.26 0.19 0.22 0.28 0.39 0.28 
19 2-Nonanone 100 0.15 0.16 0.21 0.22 0.00 0.00 0.00 0.00 0.00 0.00 
20 Acetophenone 5629 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 
 Pyrazines 
21 Methylpyrazine 27000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
22 2,5-Dimethylpyrazine 2600 – 17000 0.00 0.00 0.00 0.00 ≤ 0.01 ≤ 0.01 ≤ 0.01 ≤ 0.01 ≤ 0.01 ≤ 0.02 
23 2,6-Dimethylpyrazine 1021 – 8000 0.00 0.00 0.00 0.00 ≤ 0.02 ≤ 0.02 ≤ 0.02 ≤ 0.02 ≤ 0.04 ≤ 0.03 
24 
2-Ethyl-6-
methylpyrazine 
320 0.00 0.00 0.02 0.01 0.05 0.03 0.05 0.05 0.12 0.11 
25 Trimethylpyrazine 290 0.04 0.05 0.09 0.07 0.22 0.16 0.46 0.22 0.52 1.19 
26 Tetramethylpyrazine 38000 0.00 0.02 0.01 0.00 0.01 0.00 0.03 0.01 0.01 0.04 
 Esters 
27 Methyl acetate 3.4 9.52 7.56 5.84 5.98 7.26 7.52 7.76 8.45 16.08 12.11 
28 Ethyl octanoate 1.5 – 5.5 2.12 – 7.79 1.76 – 6.44 3.24 – 11.88 2.90 – 10.63 0.00 0.00 0.00 0.00 0.00 0.00 
29 Phenyl ethyl acetate 137 – 233 0.43 – 0.72 0.36 – 0.61 0.45 – 0.76 0.28 – 0.47 0.53 – 0.90 0.23 – 0.39 0.46 – 0.78 0.47 – 0.80 0.55 – 0.94 0.60 – 1.02 
 Terpenes and terpenoids 
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No. Volatile OTV (ng/g) 0PS-100⁰C 7PS-100⁰C 0PS-120⁰C 3PS-120⁰C 0PS-135⁰C 3PS-135⁰C 7PS-135⁰C 0PS-140⁰C 0PS-160⁰C 7PS-160⁰C 
30 Myrcene 9.18 0.64 0.70 1.12 0.88 0.94 0.96 0.93 1.10 1.05 1.15 
31 Limonene 250 – 14700 ≤ 0.06 ≤ 0.04 ≤ 0.05 ≤ 0.04 ≤ 0.04 ≤ 0.05 ≤ 0.05 ≤ 0.05 ≤ 0.08 ≤ 0.07 
32 Linalool 37 2.02 1.87 2.53 2.48 3.06 2.52 3.16 2.70 3.07 3.28 
 Furans and furanones 
33 2-Pentyl furan 100 – 2000 0.02 – 0.47 0.03 – 0.54 0.03 – 0.66 0.02 – 0.43 0.02 – 0.44 0.03 – 0.56 0.02 – 0.46 0.03 – 0.70 0.04 – 0.70 0.03 – 0.69 
34 γ-Butyrolactone 35 0.00 0.00 0.70 0.56 1.35 1.67 1.56 1.13 2.83 2.68 
 Others 
35 Dimethyldisulfide 12 0.00 0.00 1.10 1.06 1.08 1.26 1.20 1.10 2.04 1.88 
36 Pyridine 920 – 3000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 ≤ 0.01 0.00 
37 2-Methoxyphenol 10 0.00 0.00 0.00 0.00 2.41 1.69 2.96 3.17 3.69 5.21 
 
 
Table 6.8b: Odor activity values of aroma volatiles identified from dark chocolates produced from commercial cocoa liquors 
No. Volatile OTV (ng/g) Ecuador Ghana Ivory coast Madagascar Venezuela Vietnam 
 Acids 
1 Acetic acid 124 – 750 4.00 – 24.20 3.21 – 19.40 1.97 – 11.93 3.24 – 19.63 2.43 – 14.69 3.30 – 19.99 
2 Isovaleric acid 22 – 1000 0.05 – 2.17 0.18 – 8.06 0.01 – 0.64 0.06 – 2.56 0.05 – 2.42 0.09 – 3.93 
 Alcohols 
3 Amyl alcohol 470 0.08 0.12 0.09 0.06 0.08 0.04 
4 Hexanol 400 0.02 0.00 0.00 0.02 0.02 0.02 
5 Benzyl alcohol 5100 – 900000 ≤ 0.02 ≤ 0.02 ≤ 0.01 ≤ 0.02 ≤ 0.01 ≤ 0.02 
6 2-Phenyl ethyl alcohol 10 – 590 0.31 – 18.12 0.32 – 19.01 0.23 – 13.72 0.23 – 13.41 0.20 – 11.98 0.30 – 17.44 
 Aldehydes 
7 2-Methylbutanal 2.2 – 152 0.08 – 5.81 0.11 – 7.38 0.13 – 8.82 0.08 – 5.78 0.08 – 5.44 0.11 – 7.49 
8 3-Methylbutanal 5.4 – 80 0.47 – 7.00 0.73 – 10.76 0.55 – 8.14 0.41 – 6.14 0.39 – 5.77 0.70 – 10.30 
9 Pentanal 240 0.78 0.69 0.37 0.68 0.40 0.51 
10 Hexanal 75 5.02 3.38 2.28 4.34 2.77 2.84 
11 Heptanal 64.8 0.80 0.55 0.54 0.84 0.58 0.54 
12 Octanal 320 0.16 0.11 0.10 0.14 0.10 0.09 
13 Nonanal 56 1.28 1.19 1.51 1.75 1.38 0.98 
14 Benzaldehyde 60 1.19 1.74 1.56 1.26 1.05 1.19 
15 Benzeneacetaldehyde 22 – 154 0.11 – 0.75 0.24 – 1.65 0.11 – 0.79 0.17 – 1.20 0.11 – 0.76 0.21 – 1.44 
 Ketones 
16 2-Heptanone 1500 0.02 0.02 0.02 0.03 0.02 0.02 
17 2-Octanone 500 – 510 0.00 0.00 0.02 0.00 0.00 0.00 
18 3-Octen-2-one 250 0.00 0.04 0.00 0.00 0.00 0.00 
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No. Volatile OTV (ng/g) Ecuador Ghana Ivory coast Madagascar Venezuela Vietnam 
19 2-Nonanone 100 0.28 0.29 0.21 0.23 0.21 0.22 
20 Acetophenone 5629 0.00 0.01 0.00 0.00 0.00 0.00 
 Pyrazines 
21 Methylpyrazine 27000 0.00 0.00 0.00 0.00 0.00 0.00 
22 2,5-Dimethylpyrazine 2600 – 17000 ≤ 0.01 ≤ 0.01 0.00 ≤ 0.01 0.00 ≤ 0.01 
23 2,6-Dimethylpyrazine 1021 – 8000 0.00 0.00 ≤ 0.01 0.00 0.00 0.00 
24 2-Ethyl-6-methylpyrazine 320 0.01 0.38 0.01 0.01 0.01 0.39 
25 Trimethylpyrazine 290 0.16 0.14 0.07 0.12 0.10 0.19 
26 Tetramethylpyrazine 38000 0.00 0.02 0.00 0.00 0.00 0.01 
 Esters 
27 Methyl acetate 3.4 7.59 6.90 8.62 7.54 10.57 7.49 
28 Ethyl octanoate 1.5 – 5.5 2.14 – 7.84 2.20 – 8.05 1.63 – 5.99 1.29 – 4.74 1.72 – 6.30 2.70 – 9.89 
29 Phenyl ethyl acetate 137 – 233 0.61 – 1.05 0.49 – 0.84 0.24 – 0.41 0.34 – 0.57 0.33 – 0.56 0.87 – 1.49 
 Terpenes and terpenoids 
30 Myrcene 9.18 0.51 0.74 0.00 0.49 0.57 0.00 
31 Limonene 250 – 14700 ≤ 0.05 ≤ 0.05 ≤ 0.06 ≤ 0.19 ≤ 0.05 ≤ 0.04 
32 Linalool 37 0.46 1.90 1.04 0.00 0.46 0.69 
 Furans and furanones 
33 2-Pentyl furan 100 – 2000 0.06 – 1.13 0.04 – 0.75 0.03 – 0.68 0.05 – 0.99 0.04 – 0.79 0.03 – 0.57 
34 γ-Butyrolactone 35 0.72 0.73 0.79 0.85 0.70 0.78 
 Others 
35 Dimethyldisulfide 12 1.01 1.08 0.00 0.00 0.00 1.12 
36 Pyridine 920 – 3000 0.00 0.00 0.00 0.00 0.00 0.00 
37 2-Methoxyphenol 10 0.00 0.00 0.00 0.00 0.00 0.00 
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6.3.2.2.2 Alcohols 
The trend in the total alcohol concentration was similar to the volatile acids, where, for any given RT, 
chocolates with pod stored cocoa beans possessed significantly lower (p<0.05) total alcohol 
concentration compared to chocolates from the unstored pods (Table 6.7a). For the same reason as 
aforementioned, the significant rise (p<0.05) in total alcohols from 3PS to 7PS also seemed logical. 
High alcohol contents are essential in developing chocolates with flowery and candy notes (Rodriguez-
Campos et al., 2012). Thus, the results suggest that very minimal or no PS may be ideal in conserving 
more alcohols for any RT. Likewise, a significant increasing (p<0.05) trend in total alcohol with 
increasing RT was also observed. Apart from the possible impact of roasting on the liberation of volatiles 
as suggested earlier, Ramli et al. (2006) also observed an increasing linear relationship between alcohol 
concentration and RT. Of these, they speculated that alcohols such as 2-heptanol and linalool may be 
recognized as volatiles of thermally degradable amino acids. Additionally, they also noted that the 
prolonged heat duration of roasting may be responsible for the volatilization of some alcohols, yet, this 
was only observed within the range of 160 ⁰C to 170 ⁰C. Comparing the chocolates from the commercial 
cocoa liquors to the sample chocolates, significantly lower (p<0.05) concentrations of the alcohols were 
recorded. Furthermore, of these chocolates from the commercial liquors, the differences were 
insignificant (p>0.05), except for Ghana and Venezuela. Among all the alcohols, 2-phenylethyl alcohol 
was the only odor-active volatile, thus, it is expected to impart its typical floral note to the chocolates 
(Tables 6.8a and 6.8b). 
 
6.3.2.2.3 Aldehydes and ketones 
Aldehydes and ketones which are formed from the Strecker degradation reaction during roasting, are 
crucial for the expression of good cocoa flavor. Table 6.7a shows a similar trend of total aldehydes with 
PS as seen for the alcohols. Hereby, the concentrations of the aldehydes were higher in chocolates of 
0PS compared to other days of PS for any given RT, except at 160 ⁰C where no significant (p>0.05) 
difference was seen for the unstored and stored pods. More so, the impact of the RT was also seen as 
the aldehyde concentration increased with increasing RT until a peak between 135-140 ⁰C. Between 140 
⁰C and 160 ⁰C, the total concentration declined, possibly, due to the higher temperature. Accordingly, 
Aprotosoaie et al. (2016), stated that high temperatures and a longer roasting conditions are known to 
decrease the content of aldehydes. It can be seen from Tables 6.7a and 6.7b that a total of eleven 
aldehydes were identified. Of these, key aldehydes, namely; 2-methylbutanal and 3-methylbutanal, 
which were both dominant in 0PS-160 oC chocolate, increased trivially with increasing RT. Both aroma 
volatiles were also found to be odor-active and most likely to impart their characteristic cocoa and 
chocolate notes to the final flavor (Frauendorfer and Schieberle, 2008). It is worth mentioning that 
despite registering generally lower concentrations in other key aldehydes, the concentrations of odor-
active hexanal and heptanal were generally higher in the chocolates from commercial cocoa liquors than 
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in the sample chocolates. Here, the Ecuadorian chocolate recorded significantly higher (p<0.05) 
concentrations for both volatiles. Not only was the Madagascan chocolate also dominant with respect to 
heptanal, but together with the Ecuadorian chocolate, also recorded the highest total concentration of 
the aldehydes among the chocolates from the commercial liquors. 
 
Except at a temperature of 160 ⁰C, both RT and PS had no significant (p>0.05) effect on the total 
concentration of ketones. For the sample chocolates, identified ketones including; 2-nonanone and 3-
hydroxy-2-butanone, appeared dominant in chocolates with lower RT’s. For these volatiles, quantifiable 
amounts were observed at 100 ⁰C and 120 ⁰C. This may be attributed to the high volatility of these aroma 
compounds. On the contrary, acetophenone and 3-octen-2-one were produced in abundance at higher 
temperatures. Although the trend underlying the effect of both PS and RT were indefinite, the highest 
concentrations of the ketones were obtained at higher temperatures (~ 160 oC) for 0PS. From Table 6.7b, 
the Ghanaian chocolate was found to possess higher total concentration of ketones among the chocolates 
from commercial liquors.   
 
6.3.2.2.4 Pyrazines  
In the study of pyrazines from the sample chocolates (Table 6.7a), a trend revealing a direct relationship 
between PS and the total pyrazine concentration was found, except for the short duration of PS (i.e. 0-3 
days) in which case an opposite trend was observed. This was synonymous with our earlier findings 
(chapter 2) where the abundance of aroma precursors and high nib acidity could be linked to a high total 
pyrazine concentration in cocoa beans. Remarkably, the concentration of pyrazines in 7PS increased 
over two folds at most RT’s. Suggestively, the prolonged period of PS may have facilitated the formation 
of more precursors which enhanced the formation of these pyrazines during the subsequent roasting 
process. More so, the same increasing effect of RT on the pyrazine concentration was observed. Apart 
from tetramethylpyrazine and trimethylpyrazine which are reported to partly evolve from 
microbiological activities during fermentation (Jinap et al., 1994; Schwan and Wheals, 2004), the 
majority of pyrazines originate from the Strecker degradation in the Maillard reaction. Temperature as 
well as abundance of aroma precursors are critical factors that influence their concentrations (Afoakwa 
et al., 2008; Aprotosoaie et al., 2016). This may explain why RT played a substantial role in the 
concentration of the pyrazines. Tetramethylpyrazine was the most dominant pyrazine in all chocolates 
with its highest concentration observed in 7PS-160 oC. Nevertheless, the contributing effect of this 
volatile to the flavor quality of the cocoa was negligible due to its low OAV (Table 6.8a and 6.8b). 
Trimethypyrazine was odor-active exclusively in 7PS-160 oC chocolate. Methylpyrazine and 2,6-
dimethyl pyrazine were among the pyrazines absent in chocolates whose initial cocoa beans were roasted 
at temperatures below 135 oC. This is likely due to the lower concentrations of the volatiles produced in 
the liquors after roasting, more so, the heating effect and the processing conditions during the conching 
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may have contributed to their complete elimination from these chocolates. Some pyrazines were absent 
in many of the chocolates from the commercial liquors. Of these, the Ghanaian and Vietnamese 
chocolates were marked among the origins as they exhibited significantly higher (p<0.05) total pyrazine 
concentrations (Table 6.7b).  
 
6.3.2.2.5 Esters, terpenes and terpenoids 
Apart from methyl acetate, ethyl octanoate and phenyl ethyl acetate, 7PS-160 ⁰C chocolates exhibited 
the highest concentrations of all other esters (Table 6.7a). Ethyl octanoate was exclusive to the 
chocolates from commercial liquors and sample chocolates with lower RT’s (100-120 ⁰C). Ethyl 
octanoate was significantly pronounced (p<0.05) in both 0PS-120 ⁰C and 3PS-120 ⁰C chocolates. It was 
odor-active and thus expected to contribute to the final chocolate flavor (Table 6.8a and 6.8b). Phenyl 
ethyl acetate was the most abundant ester, being more pronounced in the Vietnamese chocolate (Table 
6.7b). This volatile confers honey and floral notes (Rodriguez-Campos et al., 2012), but was only odor-
active in the Ecuadorian, Vietnamese and 7PS-160 oC chocolates. It is worth mentioning that most esters 
occur as microbial metabolites which may arise from the fermentation process (Aprotosoaie et al., 
2016). Yet, it seemed that both the PS and the RT impacted the concentrations of these esters as they 
may have promoted their formation and release respectively. However, these effects were significant 
above 135 ⁰C, beyond which the abundance of esters associated with 7PS chocolate was conspicuous. 
More so, the abundance of esters in the chocolates from commercial liquors were fairly comparable to 
the sample chocolates. Of the former, the Vietnamese chocolate recorded generally higher concentration 
of esters. 
 
No significant effect (p>0.05) of PS on the total concentration of terpenes and terpenoids was found. 
Likewise, a trivial increase in the total concentration these volatiles with RT was also found (Table 
6.7a). Apart from linalool, other terpenes occurred in minimal amounts in the chocolates with 7PS-160 
oC chocolate recording the highest total concentration. It also increased with increasing RT. Just like the 
other terpenes, it is probable that linalool became less bound within the matric following an increase in 
temperature. It was identified as odor-active in most chocolates and likely to impart its characteristic 
floral and sweet notes to the final flavor. The chocolates from commercial liquors recorded lower 
concentrations than the sample chocolates although, although among these, the Ghanaian chocolate was 
significantly highest (p<0.05). Myrcene being present in marginal concentrations was only odor-active 
in most sample chocolates. 
 
6.3.2.2.6 Furans, furanones, pyrans, pyrones, pyrroles and others 
Generally, these groups of volatiles showed a similar pattern whereby their total concentrations were 
largely influenced by the RT. It was evident from Table 6.7a, that these concentrations increased with 
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increasing temperature. Withal, at low to moderate RT’s (100-135 ⁰C), no clear trends were seen with 
respect to PS. However, at 160 ⁰C, 7PS recorded significantly higher (p<0.05) total concentrations of 
pyrroles and the other unclassified volatiles. This may be due to their higher reducing sugar and free 
amino acid contents which are required for the Maillard reaction as reported in chapter 2.  
 
Apart from 2-pentyl furan, which is a product from fat degradation, all other furans, furanones, pyrans 
and pyrones were absent in chocolates with RT of 100 ⁰C. Arguably, due to the low temperature, most 
of these volatiles may have been formed in very minimal concentrations which were eventually lost 
during the chocolate manufacturing process. Rose oxide, which was identified in substantial amounts in 
the chocolates, is known for its geranium-like floral note (Bonvehi, 2005). It was however not odor-
active (Table 6.8a). γ-Butyrolactone which was most dominant in the chocolates roasted at 160 oC, was 
also odor-active in some chocolates and is thus expected to confer sweet and caramel notes towards the 
final flavor. Also, among the chocolates from the commercial liquor, the Madagascan, Ecuadorian, 
Vietnamese and Ghanaian chocolates recorded the most abundant (but significantly equal) 
concentrations of this group of volatiles (Table 6.7b). 
 
The pyrroles were the least abundant group identified. Apart from their absence in the chocolates with 
lower RT’s (< 135 ⁰C), their concentrations seemed to increase as RT increased. Both 0PS and 7PS 
appeared to have comparable concentrations at RT’s below 160 ⁰C. Although, isoamyl-2-formyl pyrrole 
was the most abundant in 7PS-160 oC chocolate, 2-acetyl pyrrole was the most prevalent pyrrole 
identified in all the chocolates. The latter is formed from proline through the Strecker degradation 
reaction (Mottram, 2007; Afoakwa et al., 2009) and is characterized by its caramel flavor notes. 
Notwithstanding, this volatile was not odor-active (Table 6.8a). Pyrroles were absent in the chocolates 
from commercial liquors, except for 2-acetyl pyrrole, which was the highest in the Vietnamese 
chocolate. Some other (unclassified) volatiles such as 2-methoxyphenol and dimethyldisulfide were also 
marked for their notable presence in chocolates (Aprotosoaie et al., 2016). These two volatiles are 
generated at intense heating processes and thus, associated with undesirable flavor notes. They were 
odor-active and more dominant in chocolates with beans roasted at 160 ⁰C. 
 
6.3.2.2.7 Trends in the overall aroma concentration of chocolates as influenced by pod 
storage and roasting temperature 
Fig. 6.1 shows the general trends in the overall aroma volatile concentration in the various chocolates. 
Overall, the impact of PS and RT on the volatile concentrations were also depicted. Particularly, at lower 
temperatures (100-120 ⁰C), chocolates with unstored pods possessed higher concentrations than those 
from stored pods. However, at 160 ⁰C, the opposite was observed. This is probably because of the high 
rate of Maillard reaction occurring amidst the excess of flavor precursors (reducing sugars and free 
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amino acids) in 7PS (chapter 2). Comparatively, a temperature of 135 ⁰C seemed more optimal for 
maximal aroma volatile release than at 140 ⁰C. Aside the trend from the overall volatile concentrations, 
similar observations were made from the total acid and alcohol concentrations. At this temperature (135 
⁰C), both 0PS and 7PS contained significantly similar (p>0.05) overall volatile concentrations whereas 
the concentration of 3PS was significantly lower (p<0.05). Generally, except at lower RT’s (100-120 
⁰C), the concentrations of aroma volatiles from the sample chocolates were seen to be higher than those 
from the commercial cocoa liquors. Whereas this could be due to the type (whole bean roasting for 
treated samples as opposed to nib roasting for the commercial liquors) and intensities of roasting applied 
in the latter, difference in the industrial treatments applied from bean to liquor could also be implicated 
to have had a detrimental impact on the levels of the various volatiles. Consequently, desirable volatiles 
such as esters, aldehydes, ketones, terpenes and pyrazines which impart the overall aroma expression 
were either produced at lower concentrations due to lower roasting intensities or lost to the extreme 
industrial process often applied. Finally, it is also possible that on a mass industrial scale, the mixing 
together of different cocoa beans of different qualities (in terms of pod storage, fermentation and drying) 
from the different producers of the beans could have inevitably influenced the aroma quality of these 
commercial liquors. However, for the purpose of comparison, these liquors, being representative of the 
typical industrial quality, were accepted and utilized ‘as-is’.  
 
 
Fig. 6.1: Total concentrations of various groups of volatiles identified in dark chocolates 
produced from cocoa beans of different pod storage – roasting conditions and commercial cocoa 
liquors 
 
0
2000
4000
6000
8000
10000
12000
14000
To
ta
l v
o
la
ti
le
 c
o
n
c 
(n
g/
g 
co
co
a)
Acids
Alcohols
Aldehydes
Ketones
Pyrazines
Esters
Terpenes and
terpenoids
Furans, furanones,
pyrans, pyrones
Pyrroles
Others
171 
  
6.3.2.2.8 Comparing chocolates on the basis of their aroma volatile profiles  
Generally, clustering analysis can be viewed as a means of grouping samples such that the samples in a 
particular group (here referred to as cluster) do share certain similarities in comparison with others from 
a different group. AHC uses a bottom-up approach, thus, each sample starts as its own unique cluster, 
of which pairs of other clusters are merged systematically in a hierarchical order. The process begins by 
computing the dissimilarity between the available number (N) of samples. Then, two samples with a 
low dissimilarity that minimizes the given agglomeration criterion are clustered. Next, the dissimilarity 
between this cluster and the N-2 other samples is also computed according to the same agglomeration 
criterion. These two samples whose clustering again minimizes the agglomeration criterion are then 
clustered together. Consequently, the process continues until all samples have been clustered (XLSTAT, 
2019). The AHC was therefore useful for exploring the possible existing (dis)similarities among the 
chocolates in terms of their aroma profiles. 
 
Fig. 6.2a and 6.2b depict the similarities between the chocolates, first, taking into consideration all the 
identified volatiles and next, on the basis of their odor-active volatiles respectively. From Fig. 6.2a, with 
a dissimilarity of 400, three main clusters were obtained. The first group comprised of chocolates of 
various PS with moderate to high RT’s (135-160 ⁰C). Remarkably, these were chocolates with generally 
higher overall aroma volatile concentration, owing to the intensity of roasting (Table 6.7a). These were 
further distinguished between chocolates of RT’s 135-140 ⁰C on one hand and 160 ⁰C on the other. From 
these, the different groupings arising from the different PS treatments were also seen. The second major 
group consisted of chocolates from Madagascar. Suggestively, this separation was as a result of its 
relatively higher concentrations of aldehydes, furans, furanones, pyrans and pyrroles as well as the lower 
pyrazine concentration among the chocolates from commercial liquors. More so, from Table 6.2, this 
was the only chocolate which was produced with liquor comprising of all three major varieties of cocoa 
(Forastero, Criollo and Trinitario). However, the final group encompassed all remaining chocolates 
from commercial liquors including sample chocolates with minimal roasting intensity (100 ⁰C). The 
chocolates from this cluster where generally known for their lower overall volatile concentrations (Table 
6.7a and 6.7b). Hitherto, a keen similarity is observed between the Ghanaian chocolate and those roasted 
at 100 ⁰C and 120 ⁰C. Meanwhile, the Ivorian chocolates, showed more similarity with the Ecuadorian, 
Venezuelan and Vietnamese chocolates.  
 
Given the clear differences in the variety of cocoa beans used to manufacture these chocolates (Table 
6.2), it is possible that the different roasting protocols (time – temperature) applied in each scenario may 
have play a more important role in fashioning their individual profiles, although unfortunately, this 
information was not provided by the supplier. Yet, for the sole purpose of comparison within the context 
of this study, these commercial cocoa liquors were envisioned as representative of what was available 
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on the market irrespective of the specific pre-processing technique applied by the producer. It is, thus 
clear, that regardless of the cocoa bean variety, it is possible to steer the aroma profiles of chocolates 
through PS and roasting. However, from these clustering, it seemed that the impact of the latter may 
have been greater. 
 
From Fig. 6.2b, the dissimilarities between the chocolates on the basis of their odor-active volatiles were 
rather low, given that with a dissimilarity of 100, only three clusters were obtained. First, a cluster 
comprising of chocolates with a high roasting temperature of 160 ⁰C. The second cluster comprised of 
chocolates within the range of 135-140 ⁰C. Of these, chocolates; 0PS-135 ⁰C and 0PS-140 ⁰C showed a 
great similarity, followed by chocolates; 7PS-135 ⁰C and 3PS-135 ⁰C. Particularly within this cluster, 
the distinguishing effect of PS seemed more pronounced than that of the RT. From the third cluster, two 
main groupings were observed. On the one hand, the Ghanaian chocolate together with sample 
chocolates with low roasting intensities (100-120 ⁰C), whereas, on the other hand, all the other 
chocolates from commercial cocoa liquors were grouped. Here, the Ivorian, the Madagascan and the 
Venezuelan chocolates showed some similarities. However, these were slightly different from both the 
Vietnamese and Ecuadorian chocolates. The observed similarities may be ascribed to the varieties of 
beans utilized for the production of the various liquors. However, the closeness of the Venezuelan and 
Madagascan chocolates to the Ivorian chocolate in spite of their different cocoa varieties, may be due to 
the additional difference in the roasting process/protocol applied. 
 
 
Fig. 6.2a: Agglomerative hierarchical clustering of all identified aroma volatiles in various dark 
chocolates produced from cocoa beans of different pod storage – roasting conditions and 
commercial cocoa liquors 
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Fig. 6.2b: Agglomerative hierarchical clustering on the basis of odor activity values of various 
dark chocolates produced from cocoa beans of different pod storage – roasting conditions and 
commercial cocoa liquors 
 
 
6.3.2.3 Sensory perception of chocolates  
6.3.2.3.1 Core flavor attributes 
In this study, four core sensory attributes (cocoa, acidity, astringency and bitterness) were used to 
describe the chocolates. The cocoa flavor note is typical of well fermented and roasted cocoa beans. It 
is also reminiscent of the aroma of cocoa powder and dark chocolate. Despite possible interferences 
with other notes, the cocoa flavor is regarded as the residual flavor note at the end of a tasting experience 
(Sukha et al., 2008). This may therefore explain why all the chocolates were rated higher for this 
attribute compared to the other notes. PS was associated with an increase in the cocoa attribute, however, 
this was not the case for the effect of RT (Fig. 6.3). Of all the chocolates, the Ivorian chocolate was rated 
the highest in terms of cocoa flavor note whereas the lowest intensity was spotted in the Ecuadorian 
chocolate. This could be due to the fact that the former was made from Forastero cocoa beans which is 
marked for its intense cocoa flavor (Beckett, 2009). 
 
According to Afoakwa (2016), the perception of acidity in chocolate is characterized by a sharp and 
sour flavor which essentially originates from the fermentation process. Except for RT at 100°C, PS was 
again found to contribute to a reduction in the perception of acidity in the chocolates. This agreed with 
the measured acidity (pH and TA) of the chocolates. The Venezuelan chocolate (mixture of Criollo and 
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Trinitario) was rated highest in terms of acidity. This was followed by the 7PS-100 °C chocolate, both 
of which were significantly (p<0.05) different from the global mean intensity for this attribute. 
However, the lowest intensity of acidity was perceived in the 3PS-120 °C chocolate. Here, the combined 
effect of PS and low RT may have been responsible for the minimal acidity as perceived in the 3PS-120 
°C chocolate. Beside variation due to origin or genetic variety of the bean, the observed differences in 
acidity among chocolates from the commercial liquors may have also been as a result of the different 
fermentation and drying techniques applied during their processing. 
 
Astringency in chocolate is often associated with a dry and puckering mouthfeel perceived between the 
tongue and palate or at the back of the front teeth and known to stimulate the production of saliva. 
Meanwhile, bitterness is a primary taste reminiscent of a solution of caffeine, quinine and certain 
alkaloids. This taste may be considered desirable until a certain threshold often ranging from person to 
person. It is also known to be influenced the degree of roasting (Afoakwa, 2016). PS was found to be 
associated with a heightened perception of astringency, likewise, the observed effect of RT. However, 
for RT > 135 °C the level of astringency decreased. Similarly, both PS and RT also generally contributed 
to an increase perception of bitterness, except at temperatures of 135 °C and 140 °C. The panelists 
therefore rated 7PS-160 oC chocolate the highest for both astringency and bitterness whereas 3PS-135 
°C and 7PS-135 °C chocolates were also rated similarly in terms of astringency. Additionally, among 
the chocolates from the commercial liquors, the Venezuelan chocolate (mixture of Criollo and 
Trinitario) was also rated highest for both attributes. According to Ioannone et al. (2015), the roasting 
effect causes the reduction of bitterness and astringency through the interaction of cocoa polyphenols 
and flavonoids with proteins, however, it seemed that this effect was not prominent even in samples 
with high RT such as the 7PS-160 °C chocolate. Withal, it can be noted that at high RT’s the abundance 
of volatiles with off-flavors such as 2-methoxyphenol and dimethyldisulfide in these chocolates may 
have also contributed or been likened to the perception of these notes by the panelists.
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Fig. 6.3: Adjusted mean intensities of core flavor attributes of dark chocolates produced from cocoa beans of different pod storage – roasting 
conditions and other commercial cocoa liquors. For each attribute, adjusted means with (*) are significantly different from the global mean intensity 
for that attribute 
*
*
*
*
*
*
*
*
*
*
0.0
1.0
2.0
3.0
4.0
5.0
6.0
7.0
8.0
A
tt
ri
b
u
te
 in
te
n
si
ty
Chocolates
Cocoa
Acid
Astringent
Bitter
176 
  
6.3.2.3.2 Secondary flavor attributes  
The perception of nuttiness in chocolates is reminiscent of the odor of fresh or roasted nuts (peanuts, 
hazelnuts, almonds and walnuts). However, woody notes may be characterized by a forest-like odor 
such as perceived from dried essential oils or dried flowers. The effect of high temperature may be 
accountable for the nutty and woody notes perceived with higher intensities in 0PS-160 °C and 7PS-160 
°C, respectively (Fig. 6.4). However, no clear trend with respect to the influence of PS or RT could be 
observed. Thus, a possible combined effect of the two parameters could be inferred. More so, the 
Ghanaian and Ivorian chocolates also seemed predominantly nutty, however, the latter was much less 
dominant in terms of woody flavor note. Like the cocoa flavor note, the heightened perception of 
nuttiness in cocoa has often been associated with the West African bulk cocoa from the Forastero variety 
(Afoakwa, 2016). This may explain why the Ghanaian and Ivorian chocolates, together with other 
sample chocolates (with PS and RT treatment) as aforementioned were highly perceived as nutty in 
comparison with some fine flavor varieties such as the Venezuelan or Vietnamese chocolates. 
 
Fruity notes in chocolates were either classified as fresh (such as berries, citrus, banana and passion 
fruit) or browned (such as plums, dark cherries, dried apricot, raisins, over ripe fruits, prunes and dates). 
Compared to the reference (0PS), the perception of fresh fruits was generally higher in 7PS at all RT’s, 
however, an opposite trend was observed in the case of 3PS. This may be akin to the reduction in pulp 
volume and its consequent limitation on the fermentative quality of the beans as earlier reported (Hinneh 
et al., 2018). The RT also seems to have contributed in the perception of fresh fruits, however, beyond 
the temperature of 135 °C, this note seemed to have been masked by much stronger notes such as 
bitterness which was more abundant at these temperatures. Browned fruits also generally decreased with 
increasing PS with exception of RT of 160 °C. Likewise, the perception of browned fruits also decreased 
with increasing RT until 135 °C and at 160 °C. However, the highest value was recorded at 140 °C. The 
chocolates 7PS-100 °C and 0PS-135 °C possessed the highest intensities of fresh fruits whereas the 
lowest intensities were found in the chocolate 3PS-120 °C. Of the chocolates from the commercial 
liquors, the Venezuelan and Vietnamese chocolates (both from fine flavor cocoa beans) were also rated 
fairly high in terms of fresh fruit attribute. Of all the secondary attributes, the most predominant rating 
for most of the samples was with respect to the browned fruit attribute. Of these, the 0PS chocolates 
with RT’s of 100 °C, 120°C and 140 °C were rated significantly (p<0.05) higher than the other samples. 
More so, other chocolates like 3PS-120 °C, 7PS-100 °C, 7PS-135 °C and 7PS-160 °C were fairly high 
in this flavor attribute. Among the origins (chocolates from commercial liquors), the Ivorian, 
Madagascan and Ecuadorian chocolates seemed high in the browned fruit attributes irrespective of the 
differences in the genetic varieties of their beans. 
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Fig. 6.4: Adjusted mean intensities of secondary flavor attributes of dark chocolates produced from cocoa beans of different pod storage – 
roasting conditions and other commercial cocoa liquors. For each attribute, adjusted means with (*) are significantly different from the 
global mean intensity for that attribute
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Floral notes are comparable with the fragrance of flowers including honeysuckle, jasmine, dandelion 
and nettles. It is also established when an intense fruity or green aroma is perceived (Afoakwa, 2016). 
Meanwhile, spiciness in chocolate is characteristic of herbal and dried spices. Both PS and RT resulted 
in a decrease in floral notes with except at RT of 160 °C. In agreement with our previous findings 
(Hinneh et al., 2019), prolonged PS may not be ideal for the creation of chocolate where a heightened 
perception of floral notes is desired. On the one hand, this could be due to the possible degradation or 
transformation of these into other components during the storage treatment and subsequent fermentation 
process, especially with respect to terpenes and other floral components which are known to be derived 
from the cocoa pulp (Kadow et al., 2013; Hinneh et al., 2018). On the other hand, it is possible that the 
perception of floral notes may have been masked by the presence of more odorous or intense flavor 
notes such as cocoa, chocolate and nutty notes from key Maillard-related volatiles (pyrazines, aldehydes, 
ketones, furans, etc.) as previously demonstrated (Hinneh et al., 2018). The latter may also explain the 
reason why increased RT also contributed to a lesser perception of floral notes in the chocolates. Overall, 
the highest perception of floral note was recorded in the Vietnamese chocolate (Trinitario cocoa beans). 
This was followed by 0PS-100 °C, Ivorian (Forastero), 7PS-100°C as well as the Ecuadorian (Nacional) 
chocolates. Thus, no distinct difference due to the origins (or genetic varieties) could be found among 
the chocolates. However, it must be noted that the differences in postharvest treatment of the commercial 
liquors (fermentation, drying, roasting) (Table 6.2) could also be the reason for this lack of dissimilarities 
among the origins. At all RT’s, PS was associated with a decrease in spiciness whereas an opposite 
scenario was observed for the main effect of RT. However, exceptions could be made for chocolates 
with RT’s of 135 °C and 140 °C where a decrease in spiciness was observed. The perception of spiciness 
was highest in the chocolate 0PS-160 °C, meanwhile, among all the chocolates, the lowest rating for 
spiciness was recorded in the chocolate 3PS-120 °C. Again, no distinct difference between the origin 
chocolates and the sample chocolates could be identified.  
 
6.3.2.3.3 PCA  
A PCA biplot (Fig. 6.5) was constructed to show the relationships between the chocolates and their 
sensory attributes and how differences in the intensities of the attributes explain variations among the 
different chocolates. The first two principal components explained a total of 45.22% of the variation in 
the data. It can be observed that the perception of cocoa and nutty flavor notes as well as bitterness and 
astringency were mostly associated with the chocolates 7PS-135 °C and 7PS-160 °C (possibly due to 
the prolonged PS and moderate-high RT), and to a lesser extent, also associated with the Venezuelan 
chocolate. Fresh fruit, floral, woody and spicy attributes were also associated with the Vietnamese 
(Trinitario), 7PS-100 °C and 0PS-120 °C chocolates. Given the score for acidity with respect to the 
second principal component, it seems that among the chocolates, 0PS-135 °C, 7PS-135 °C and 7PS-160 
°C were perceived as more acidic compared to the other chocolates. Browned fruit had stronger 
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relationship with 0PS-100 °C, 0PS-140 °C and the Ghanaian origin chocolate. The placement of the 
Ivorian and 3PS-135 °C chocolates in the second quadrant also confirmed the high intensities of cocoa 
and bitterness and astringency among other flavor attributes as can be seen in Fig. 6.3. The chocolate 
0PS-160 °C seemed to possess a good blend of different notes with slightly heightened perception of 
nuttiness among the other attributes (Fig. 6.5). Although this chocolate was also rated high in bitterness 
and cocoa flavor, overall, it can be seen that their effect could not overshadow the combined effect of 
the other attributes, given its position on the biplot. 
 
 
Fig. 6.5: PCA biplot showing sensory profiles of dark chocolates produced from cocoa beans of 
different pod storage – roasting conditions and other commercial cocoa liquors. First two 
components explain 45.22% of the variation in the model 
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6.3.2.4 Relating sensory attributes, aroma volatiles and the diversity of chocolate flavor profiles 
The flavor of chocolate combines both instrumental and sensorial analyses. Therefore, in order to have 
a better understanding, it was necessary to investigate the relationships between the sensory attributes 
of the chocolates and the predominant aroma volatiles responsible for their flavor profiles (Misnawi and 
Ariza, 2011). For this, a partial least squares (PLS) regression analysis was used to correlate the 
identified aroma volatiles (X) to the sensory attributes (Y) of the dark chocolates. Herewith, Fig. 6.6 
reveals specific volatiles largely defining the various attributes and the dark chocolates in which they 
are dominant. In this study, the PLS model explained 43.5% and 79.0% of the cumulative variations in 
the Y (R2Y cum) and X (R2X cum) axes, respectively.  
Fig. 6.6: PLS biplot showing correlation between all identified aroma volatiles (X) and sensory 
attributes (Y) and diversity of flavor of dark chocolates (Obs) produced from cocoa beans of 
different pod storage – roasting conditions and other commercial cocoa liquors. Model explains 
43.5% and 79.0% of the cumulative variations in Y (R2Y cum) and X (R2X cum) respectively  
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Pyrazines are a key group of volatiles essential for their unique aroma attributes. These volatiles are 
largely formed through the Maillard reaction during roasting and are known for their chocolate, cocoa, 
nutty, musty, caramel and coffee notes (Misnawi and Ariza, 2011). As can be seen from Fig. 6.6, 
pyrazines such as 2,5- and 2,6-dimethylpyrazine, methylpyrazine, 2,6-diethyl-3-ethylpyrazine and 2-
ethyl-5-methylpyrazine showed a great link with the cocoa attribute. Additionally, other groups of aroma 
volatiles including, 2-methylbutanal and 3-methylbutanal, two key aldehydes which are known to confer 
cocoa/chocolate notes (Rodriguez-Campos et al., 2012) as well as 2-acetylpyrrole (chocolate, hazelnut) 
and γ-butyrolactone (sweet and caramel) were all related to the cocoa attribute. Other pyrazines such as 
3,5-diethyl-2-methylpyrazine, 2,5-dimethyl-3-methylpyrazine, 2,3,5-trimethyl-6-ethylpyrazine, 2-
ethyl-6-methylpyrazine as well as two of the most abundant pyrazines in cocoa and chocolate; 
trimethylpyrazine and tetramethylpyrazine were associated with nutty and woody attributes. Intense 
astrigency and bitterness in chocolates are mostly undesirable since they can negatively influence 
consumer acceptability. These are mainly linked to the abundance of polyphenols and alkaloids in cocoa 
and chocolate (Beckett, 2009), however, it is also possible that the presence of volatiles such as 2-
methoxyphenol and furfuryl alcohol may have been interpreted as bitter by the panelists due to their 
smoky and burnt odor perception respectively (Rodriguez-Campos et al., 2012). Interestingly, all the 
volatile acids identified in the chocolates (acetic acid, isoveleric acid and oxalic acid, diTMS) clearly 
defined the perception of acidity in the chocolates. However, of these, acetic acid showed the greatest 
relationship with this attribute.  
 
Several volatiles belonging to the ketone, ester, terpene and alchohol groups are known for their pleasant 
fruity, floral, and honey flavor notes (Frauendorfer and Schieberle, 2008; Aculey et al., 2010). In this 
study, phenyl ethyl acetate, 2-nonanone, 2,3-butanediol and methyl acetate seemed to be associated with 
the floral attribute. Other volatiles known to possess fruity/floral notes such as ethyl octanoate, 
acetophenone, linalool, linalool oxide and ethyl phenyl acetate also appeared to be related to the floral 
attribute but were clustered more closely to the fresh fruit attribute. More so, the perception of browned 
fruits seemed to have been dictated by the presence of volatiles such as benzeneacetaldehyde, 
benzaldehyde, cis/trans-ocimene, myrcene, linalool oxide, benzyl alcohol, 2-phenyl ethyl alcohol, 
among others as aforementioned. In addition to their fruity/floral aroma description, most terpenes are 
also known to confer spiciness in cocoa/chocolates. It was therefore not surprising to observe the close 
association of volatiles such as delta-3-carene, linalool and epoxylinalool with the spicy attribute. 
Finally, due to the strong and sharp sensations perceived as a result of the typical sour nature of most 
acids, it is also possible that the panelists may have interpreted this sharp, sour sensation as spiciness 
given the close clustering of the two attributes as seen in Fig. 6.6. Generally, the Madagascan, Ivorian 
and Venezuelan chocolates seemed to be predominantly intense in cocoa, bitterness and astringency, 
whereas, the Ghanaian, Vietnamese, Ecuadorian and 7PS-160 °C chocolates appeared to be more 
dominant in the nutty, woody and floral attributes. The 0PS-160 °C chocolate which was situated 
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between The Venezuelan and Ecuadorian chocolates also appeared to possess a good blend of attributes 
predominant in these two chocolates. More so, the Ghanaian chocolate was also perceived as spicy and 
fruity (fresh fruit) together with 0PS-100 °C and 7PS-100 °C chocolates. Finally, chocolates with RT’s 
from 120 °C to 140 °C also appeared to be dominant in the fruity (browned fruit) attribute.  
    
6.3.2.5 Predicting sensory attributes on the basis of odor-active aroma volatiles of dark chocolates 
Aside relating all identified aroma volatiles to the sensory profiles of the different chocolates, a further 
step was taken to identify those volatiles whose contribution could be theoretically demonstrated as 
being relevant to the overall flavor of the chocolates. This was possible through the determination of the 
OAV (ratio of headspace concentration to odor threshold value) for each aroma volatile whose odor 
threshold value (OTV) in oil medium could be found in literature. Hereby, volatiles with OAV’s greater 
or equal to unity were considered as having significant impact on the flavor of the chocolates as would 
be perceived sensorially and vice versa. First, PLS regression models were generated to predict each 
sensory attribute (Y) on the basis of the contributions of the estimated odor-active volatiles (X) as shown 
in Table A.6.1 and Fig. A.6.1. Having assessed the adequacy of each model on the basis of their 
coefficients of determination (R2 = 93-99%), a PLS biplot was then constructed to visualize the 
correspondence between the predictor variables (odor-active volatiles), the response variables (sensory 
attributes) as well as the samples (various dark chocolates).  
 
Evident from Fig. 6.7, the model explained 45.1% and 85.0% of the cumulative variations in the Y (R2Y 
cum) and X (R2X cum) axes, respectively. Notably, a slightly different but much clearer pattern is 
revealed in comparison to Fig. 6.5 where clustering was done solely on the sensory data. More so, the 
main contributors to the uniqueness or similarities of the flavor profiles of the various chocolates are 
clearly depicted in comparison with Fig. 6.6 where all identified volatiles were incorporated in the 
model. In spite of these slight differences, some clear relations could be drawn. In all cases, the unique 
association between cocoa, astringency and bitterness as perceived in the chocolates was evident. Also, 
the perception of acidity in the chocolates was closely linked to the perception of fruitiness (fresh fruits) 
according to Fig. 6.5, 6.6 & 6.7. The latter is a known phenomenon, especially in the case of the 
perception of acidity in citric acid on one hand and fruitiness from its citrus characteristics on the other 
(Afoakwa, 2016). Of the odor-active volatiles, trimethylpyrazine and 2-methylbutanal seemed to 
contribute immensely to the perception of cocoa and nuttiness in the chocolates whereas the perception 
of astringency and bitterness are linked to the presence of polyphenols and alkaloids in cocoa/chocolate 
(Aprotosoaie et al., 2016) although these components are non-volatile. Notwithstanding, 2-
methoxyphenol (a repulsive, smoky aroma volatile) also showed a strong relationship with bitterness. 
More so, the spicy and browned fruit attributes were also linked with myrcene. Additionally, other 
volatiles such as ethyl octanoate, benzeneacetaldehyde and 2-phenyl ethyl alcohol also seemed to have 
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contributed to the perception of browned fruits in the chocolates. Similarly, linalool can be said to be 
largely responsible for the perception of fresh fruit and floral attributes in the chocolates. The latter was 
also partly as a result of the sweet and floral properties of phenyl ethyl acetate (Aprotosoaie et al., 2016). 
Undoubtedly, acidity was mainly as a result of isovaleric acid and acetic acid. However, the latter 
showed a stronger link with acidity as perceived by the panel. 
 
 
Fig. 6.7: PLS biplot showing relationship between odor-active aroma volatiles (X), sensory 
attributes (Y) and various dark chocolates (Obs) produced from cocoa beans of different pod 
storage – roasting conditions and other commercial cocoa liquors. Model explains 45.1% and 
85.0% of the cumulative variations in Y (R2Y cum) and X (R2X cum) respectively 
 
Fig. 6.7 also revealed interesting trends in flavor profiles of the chocolates as a result of the treatment 
(PS and RT) and origin (or genetic diversity) of the cocoa liquor. Due to the prolonged PS treatment, 
the 7PS-160 °C chocolate appears to be dominant in terms of cocoa and nutty flavors. This agreed with 
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our earlier findings where both PS and RT were found to contribute to an increase in concentration of 
pyrazines and other Maillard reaction-related volatiles with typical cocoa, chocolate and nutty flavor 
notes (Hinneh et al., 2019). On one hand, the extensive degradation of pulp components (sugars, acids, 
etc.) and their possible migration into the bean during the storage process (especially for 7 days PS) and 
further fermentation process could be responsible for the copious amount of flavor precursors in these 
beans (Hinneh et al., 2018). On the other hand, the elevated heat treatment applied during the roasting 
process may also be responsible for the heightened propagation of the Maillard reaction leading to the 
abundance of the aforementioned aroma volatiles with their characteristic cocoa and nutty flavor notes 
(Jinap et al., 1998). Yet, this chocolate was also considered as bitter and astringent. A similar profile 
was observed for the Ivorian, Venezuelan and 3PS-135 °C chocolates, although these were less 
astringent. It was also interesting to note the striking similarity between the flavor profiles of 3PS-135 
°C and the Venezuelan chocolates, given their established differences in the variety of cocoa (Table 
6.2). Likewise, regardless of the varietal difference in the cocoa beans, a great similarity was found 
among the flavor profiles of the Madagascan, Ecuadorian and 0PS-160 °C chocolates (Table 6.2, Fig. 
6.7). The Ghanaian chocolate was also situated in between the Ecuadorian and 0PS-140 °C chocolate. 
Interestingly, the 0PS chocolates with RT’s of 100 °C, 120°C and 140 °C seemed to possess heightened 
intensities of browned fruits and spicy notes, whereas a mixture of variable PS with low RT’s resulted 
in different intensities of woodiness, acidity, fresh fruit and floral attributes. Of the origins, the 
Vietnamese chocolate was judged with relatively higher intensities of the aforementioned attributes. 
This could possibly be as a result of the genetic variety of the beans. However, unique clustering of this 
chocolate together with other sample chocolates such as 7PS-135 °C and 7PS-100 °C, underscores the 
possibility of mimicking this flavor profile through the applied treatments.  
  
6.4 Conclusions 
The close range of quality attributes (such as PSD, flow and melting profiles) recorded for the chocolates 
was evident of the minimal effect of PS, RT and origin as well as the uniform processing conditions 
applied in the study. It was therefore possible to compare the flavor profiles of the chocolates with more 
objectivity, given that the suspected impact of quality variations on flavor release/retention was minimal 
(if not completely absent). A decreasing effect of PS on the overall aroma concentration was observed. 
This has often been ascribed to the partial modification of the pulp leading to reduction in pulp volume 
during the storage process. However, for long durations of PS (~ 7 days), an increase in the overall 
volatile concentration could be attributed to the on-set of an extensive degradation of the pod and pulp 
material, thus, making available more aroma precursors. RT also contributed significantly (p<0.05) to 
an increase in the overall volatile concentration. This increase is either as a result of the unlocking effect 
of the heating process on the volatiles trapped within the matrix or the promotion of new volatile 
formation through the Maillard reaction during roasting. From an AHC, chocolates with a moderate to 
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high (135-160 ⁰C) RT’s showed high similarity among each other, such that, these chocolates possessed 
more volatiles with relatively higher concentrations. However, the diversity in the aroma profiles among 
these chocolates was evident as chocolates from unstored pods were significantly dominant (p<0.05) in 
alcohols (fruity/floral), aldehydes (cocoa/chocolate) and ketones (fruity/creamy). Whereas those from 
prolonged PS (~ 7 days) were significantly dominant (p<0.05) in pyrazines (cocoa/nutty/roasted), acids 
(sour), esters (fruity/floral/sweet), furans (roasted/cheesy/green) and pyrroles (caramel). The latter group 
of chocolates could also be marked by the significantly higher (p<0.05) levels of undesirable volatiles 
such as dimethyldisulfide (sulfurous) and 2-methoxyphenol (smoky). Conversely, all chocolates with 
low (100-120 ⁰C) RT’s including the Ghanaian origin chocolate also showed high similarity. Of these, 
chocolates from the unstored pods, were significantly higher (p<0.05) in alcohols (fruity/floral), acids 
(sour) and aldehydes (cocoa/chocolate), whereas, 7PS chocolates were significantly (p<0.05) rich in 
pyrazines. Generally, at the different RT’s applied, 3PS chocolates mostly recorded the lowest volatile 
concentrations. It is possible that the suppression of some dominant aroma volatiles (such as acids, 
pyrazines, aldehydes and ketones) due to the limited PS treatment could have led to a more balanced 
aroma profile, with possible expressions of more subtle volatiles including esters and 
terpenes/terpenoids. 
 
A range of 5.2-5.8 and 1.5-3.4 meq NaOH/g were recorded for pH and TA of the chocolates. With the 
exception of RT at 100 °C, pH was found to increase with decreasing TA as PS was prolonged. 
Meanwhile, an opposite scenario was observed for the influence of RT on chocolate acidity (pH and 
TA), except for RT at 160 °C. More so, investigating chocolate sensory attributes and further correlating 
these, first with all identified volatiles, then with the odor-active volatiles revealed the notable impact 
of the treatments (PS and RT) on the final flavor profiles of the chocolates. Among others, chocolates 
which were judged with high intensity in cocoa attribute were also predominantly astringent and bitter 
and, in some instances, also nutty. Likewise, the acidic attribute was also greatly linked to the perception 
of fresh fruits. Generally, the impact of PS and RT overrode that of origin or genetic variety of the bean. 
This was evident through the high similarity in flavor profiles of some sample chocolates (from 
Forastero variety) and others from ‘fine’ flavor cocoa of renowned origins. On the one hand, chocolates 
with high RT (160 °C) were mostly dominant with both heat-related and Maillard reaction-related aroma 
volatiles such as pyrazines, pyrroles and furans. For this reason, they were mostly associated with intense 
cocoa, bitter and astringent attributes. On the other hand, chocolates with low/moderate RT’s (100-140 
°C) were dominated by other volatiles such as acids, alcohols, esters and terpenes which are either 
associated with the fermentation process or other mechanisms prior to it. For this reason, these 
chocolates were mostly perceived to be fruity, floral, spicy but also slightly acidic. In most cases, it 
seems chocolates with no PS treatment possessed more fruity, floral and spicy notes whereas chocolates 
with prolonged PS contained more cocoa and nutty flavor notes. 
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6.5 Supplementary  
Table A.6.1: Model parameters for the prediction of sensory flavor attributes on the basis of odor-active aroma volatiles from dark chocolates 
produced with cocoa beans of different pod storage – roasting conditions and commercial cocoa liquors 
Variable Cocoa Acid Astringent Bitter Nutty Woody Fresh fruit 
Browned 
fruit 
Floral Spicy 
Intercept 6.966 1.975 5.749 4.397 -3.626 1.030 1.153 2.861 0.510 -2.598 
Acetic acid 0.000 0.000 0.001 0.003 0.002 -0.002 0.000 0.001 0.001 0.001 
Isovaleric acid -0.001 0.001 0.001 -0.002 -0.013 0.002 -0.001 0.021 0.000 0.009 
2-Phenyl ethyl alcohol -0.001 -0.004 -0.006 -0.005 0.002 0.002 0.000 -0.005 -0.002 -0.002 
2-Methylbutanal 0.019 -0.210 -0.181 -0.050 0.085 -0.149 -0.068 0.148 0.036 0.153 
3-Methylbutanal 0.004 -0.002 0.017 0.005 -0.018 -0.015 -0.007 0.036 0.000 0.011 
Hexanal -0.009 -0.049 -0.033 -0.038 -0.010 0.019 -0.011 0.023 -0.014 -0.006 
Nonanal -0.008 -0.005 0.014 0.015 -0.037 -0.008 -0.019 0.060 0.003 0.031 
Benzaldehyde 0.010 0.029 -0.045 -0.058 0.055 0.037 0.047 -0.098 -0.016 -0.026 
Benzeneacetaldehyde 0.000 0.003 0.007 0.001 -0.004 0.002 0.000 0.010 0.000 0.001 
Trimethylpyrazine 0.002 -0.008 -0.001 -0.007 -0.012 0.015 0.000 0.010 -0.007 0.002 
Methyl acetate -0.063 0.003 -0.033 -0.052 0.002 0.165 -0.023 -0.003 -0.019 -0.069 
Ethyl octanoate 0.035 -0.084 0.021 0.002 -0.078 0.037 -0.073 0.215 -0.006 0.078 
Phenyl ethyl acetate -0.006 0.048 -0.013 -0.002 -0.002 0.010 0.028 -0.045 0.018 0.015 
Myrcene -0.084 0.296 -0.445 -0.065 -0.132 0.286 0.230 -0.683 -0.119 -0.037 
Linalool 0.000 -0.001 0.033 0.032 0.033 -0.026 -0.014 0.027 0.014 -0.008 
2-Pentyl furan 0.030 0.110 0.112 0.102 0.042 -0.094 0.008 -0.019 0.024 0.013 
γ-Butyrolactone 0.015 0.062 0.016 0.026 0.002 0.012 0.036 -0.128 -0.009 -0.021 
Dimethyldisulfide 0.002 -0.156 0.024 -0.007 -0.037 -0.007 -0.077 0.016 -0.042 -0.088 
2-Methoxyphenol -0.003 -0.069 0.076 -0.012 -0.078 0.022 -0.052 0.204 -0.025 -0.002 
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Fig. A.6.1: Linear fits for the prediction of sensory flavor attributes on the basis of odor-active aroma volatiles from dark chocolates produced with 
cocoa beans of different pod storage – roasting conditions and commercial cocoa liquors    
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PART III 
Technology of chocolate 
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Chapter 7 
Applicability of the melanger and Stephan mixer for small-scale alternative chocolate 
production and implications on chocolate quality and flavor attributes  
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Cooman, L., & Dewettinck, K. (2019). Applicability of the melanger for chocolate refining and Stephan mixer for conching as small-scale 
alternative chocolate production techniques. Journal of Food Engineering, 253, 59-71. 
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Abstract 
The use of alternative equipment for chocolate production is gaining attention in recent times in many 
countries. This is due to the lower cost of investment and maintenance, multi-functionality, and lower 
throughput. This study was conducted to investigate the functionality of two of such equipment; the 
cocoa melanger and Stephan mixer. The aim of this study was two-fold; first, to assess the feasibility of 
utilizing the cocoa melanger as an alternative to the conventional 3-roll refiner at different settings and 
fat contents. Thereafter, one optimal setting was selected for each equipment for further investigation 
on the impact of the refining on some quality attributes of the final dark chocolate. Secondly, the Stephan 
mixer – being used to mimick a conching-like process – was assessed with respect to two processing 
factors; the dry conching temperature (60 °C, 80 °C) and the duration of vacuum pump connection (0, 
30, 60 min). Thereafter, all chocolates were evaluated for the impact of the different 
equipment/techniques on the final flavor. 
 
The melanger proved to be a suitable alternative to the 3-roll refiner, provided that refining was carried 
out at moderate to high (ca. 40%) fat content, as is often the case for “high percentage-cocoa” chocolates. 
Refining for 180 min with the mini drum at 40% resulted in D (v,0.9) significantly (p<0.05) lower than 
the 3-roll refiner. Nonetheless, a comparative advantage of the latter would be its short throughput time 
(5–10 min). Due to a resultant linear speed gradient of the chocolate mass from the cylindrical roller 
stones, a more efficient refining was achieved with the mini drum than the big drum. More so, refining 
in excess fat (40%) may have contributed to a more efficient coating of the newly created hydrophilic 
sugar surfaces, thus, limiting the possibility for moisture-induced agglomeration as may have been the 
case for the recipe with 27% fat. In spite of trivial difference in moisture content, chocolates 
manufactured following melanger and 3-roll refining showed significant (p<0.05) differences in terms 
of particle size, flow parameters and color. For chocolates that were conched with the Stephan mixer, 
the vacuum duration had a significant (p<0.05) impact on moisture content and D (v, 0.9). Also, an 
impact of all factors and their interaction on the Casson yield values of the chocolates was observed. 
However, these factors proved to be less important in dictating the final viscosities of the chocolates. 
Specific groups of volatiles such as aldehydes, ketones, terpenes and terpenoids, showed significant 
(p<0.05) differences due to the different refining techniques applied. However, this effect was not 
reflected in terms of the overall volatile concentrations of these chocolates. For chocolates which were 
conched with Stephan mixer, the decreasing effect of vacuum duration and its interaction with dry 
conching temperature on the total volatile concentration also proved significant (p<0.05). Finally, an 
agglomerative hierarchical clustering of all chocolates on the basis of their aroma volatiles revealed 
three distinct clusters. Nonetheless, a 112-member consumer preference testing showed statistically 
similar (p>0.05) preference for these representative chocolates. 
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7.1 Introduction 
Chocolate is a complex suspension of solid particles (sugar, cocoa particles) dispersed in a continuous 
fat phase, mainly cocoa butter (Afoakwa et al., 2008). The growing popularity of chocolate revolves 
around its unique textural and flavor properties (Fowler, 2009, Torres-Moreno et al., 2015). However, 
the acclaimed health benefits attributed to chocolate in recent times have further promulgated its demand 
among consumers (Steinberg et al., 2003; Latif, 2013). 
The main conventional chocolate manufacturing process encompasses steps such as mixing, refining 
and conching. However, most classical processing equipment are designed to handle huge quantities 
either in a continuous or batch process. Regardless of some attempts to scale-down production, in 
practice, only a handful of equipment on the market have been recognized as suitable alternatives, 
considering the similitude of their final products to chocolates from a classical industrial process in such 
aspects as quality and flavor attributes. Common examples of these include the ball mill and the 
ELK'olino conche. Whereas the former is often applied for grinding nibs into liquor, and in some cases, 
for alternative processing of chocolates/compounds, the latter has served as an ideal conching equipment 
handling approximately 5 kg per batch (Saputro et al., 2016a,b). The cost of investment associated with 
these equipment have made them unfavorable for simple laboratory and even miniature industrial 
productions - where only a small amount of chocolate needs to be produced from a limited quantity of 
available beans. Notably, this also seems to be the challenge for most small-scale bean-to-bar producers 
in various developing countries, such as Ghana, Ivory Coast, Indonesia and India. It is of no surprise 
that the idea of small-scale alternative processing has gained a lot of attention with some recent studies 
carried out on this topic (Bolenz and Manske, 2013; Fistes et al., 2013; Pajin et al., 2013; Saputro et al., 
2016a,b; Tan and Balasubramanian, 2017; Saputro et al., 2018). It is apparent that the advantages 
associated with alternative processing, such as its time and energy efficiency, compact nature (ability to 
combine several processing steps), cost efficiency, as well as the need for less trained personnel may be 
some of the underlying factors driving its growing popularity and/or acceptance. 
 
In this study, two types of such alternative processing equipment; the ECGC-12SLTA CocoaTown 
melanger (CocoaTown, Roswell, USA), and the Stephan mixer (Stephan food service equipment GmbH, 
Hameln, Germany) were explored to evaluate their functionality and performance at different stages of 
the chocolate production process (Fig. 7.1). The Stephan mixer is an all-purpose, robust system, 
equipped with a double jacket and a tightly fitted lid for all kinds of food processing between 0.5-2.5 kg 
batch sizes. Here, mixing is achieved by means of a set of rotating knives which is propelled by a shaft 
through the bottom of the vessel and a reverse-acting scraper arm fitted through the lib. The equipment 
is also fitted with steam and pressure nozzles which allow both temperature and pressure to be controlled 
in the vessel during processing (Stephan, 2018). By studying the rheological properties of chocolates, 
Aidoo et al. (2014) provided some indication supporting the possibility of optimizing this equipment 
193 
  
for use as an alternative conching device. They concluded that optimum settings of 65 °C for 10 min 
dry conching followed by 50 °C for 15 min wet conching both at blade rotary speed of 443 g yielded 
similar flow properties as the reference. However, information on some quality parameters such as 
moisture and particle size distribution (PSD), which have been demonstrated to have a huge impact on 
the flow behavior of chocolates, were missing. Saputro et al. (2016b) also successfully applied a 
combination of the Stephan mixer and ball mill in an alternative production of dark chocolates 
sweetened with palm sap-based sugar. Here, they used the Stephan mixer for both mixing and 
liquefaction, whereas refining was carried in the ball mill. The first stage of the mixing process was 
carried at 70 °C for 60 min with blade speed of 750 rpm. During the last 10 min of this process, a vacuum 
pump was activated in order to facilitate moisture removal. Thereafter, a second mixing step was carried 
out at 50 °C for 30 min with a blade speed of 1500 rpm. Next, the chocolate mass was refined with the 
ball mill for 30 min at 50 °C with maximum speed. Finally, liquefaction was performed at 50 °C for 15 
min with a blade speed of 1500 rpm using the Stephan mixer. However, impact of this technology on 
the flavor of the chocolate was not reported.  
 
The melanger, on the other hand, was initially developed for grinding, among others, dried seeds and 
nuts, as well as cocoa nibs. The equipment can either be operated with a big drum (with a maximum 
capacity of ca. 3.6 kg) or mini drum (with a maximum capacity of ca. 1 kg) (Fig. 7.2). The big drum is 
equipped with a set of conical granite roller stones, whereas, the mini drum operates with a set of 
cylindrical granite roller stones that rotate at 135-140 rpm on a granite slab - creating shearing  forces - 
that crushes and reduces the particle sizes of cocoa solids during the grinding process (CocoaTown, 
2017). This could result in particle sizes less than 20 µm after grinding/refining for about 8 h as indicated 
by Tan and Balasubramanian (2017). The intensity of the grinding/refining can be adjusted by regulating 
the tension between the roller stones and the slab. The minimal loss of sample makes the melanger more 
efficient in terms of sample recovery. Besides, its low investment cost, its compact configuration (takes 
up less than 0.14 m2 of space) and acclaimed suitability for use at different stages of the chocolate 
production process, may account for its growing popularity and demand among small-scale chocolate 
manufacturers in recent times. The melanger however has some obvious flaws – chief of which is the 
lack of a temperature control unit. Hence, operating this equipment at room temperature in a conching-
like process may limit the removal of moisture and undesirable flavors. Apart from Tan and 
Balasubramanian (2017) who explored different analytical tools to measure particle size of chocolate 
refined with the melanger, more comprehensive information including the different possibilities by 
which the melanger along with other equipment could be combined for small-scale chocolate production 
is scarce. Thus, in this study, the functionality of the melanger and Stephan mixer for chocolate refining 
and conching respectively in various small-scale alternative chocolate manufacturing techniques were 
investigated.   
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Melanger Stephan mixer 
 
 
 
 
  
 
Fig. 7.1: CocoaTown melanger (left column) and Stephan mixer (right column) used for 
alternative chocolate productions 
 
 
     
Fig. 7.2: CocoaTown melangers (a) mini drum with cylindrical roller stones and (b) big drum 
with conical roller stones 
a b 
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Moreso, inspite of the continued pursuit for more cost-effective, yet suitable alternative processing 
equipment and techniques capable of curtailing the quality of the final chocolate, it is rather unfortunate 
that in many cases less attention is accorded to the flavor aspects of these chocolates. Meanwhile, 
knowledge of the impact of such techniques on the flavor profiles of these chocolates would be highly 
relevant for both equipment selection and process optimization. Hence, the next part of this study was 
focused on the possible flavor variations impacted by the use of these equipment/techniques in 
comparison to convetional equipment/techniques. In the first set-up, chocolates refined with the 
melanger and the conventional 3-roll refiner were compared on the basis of their flavor characteristics. 
Further, in a second set-up, the functionality of the Stephan mixer (aided with a vacuum pump) for a 
conching-like application was also investigated. Here, attention was given to the impact of the different 
conching parameters on the dynamics of flavor release in the chocolates. 
 
7.2 Materials and methods 
7.2.1 Sample preparation (from bean to liquor) 
Fully fermented and sun-dried cocoa beans (hybrid type Forastero) were obtained from a farm in the 
Brong-Ahafo region of Ghana. Roasting was carried out at 135 ⁰C for 35 min in a MIWE Roll-in 1.0608-
TL baking oven (Miwe, USA). After cooling down to room temperature, beans were deshelled using a 
Winn-15 winnower (Cacao Cucina, U.S.A). Cocoa nibs (1.5 kg batch size) were first pre-broken using 
the Stephan mixer at 45 ⁰C. First, 8 min at 50% speed, then, 6 min at 75% speed. Thereafter, nibs were 
then ground into liquor using ECGC-12SLTA CocoaTown melanger (CocoaTown, Roswell, USA). For 
this, the big drum (1.5 kg batch size) was used for a duration of 150 min in order to achieve a final 
particle size; D (v, 0.9) of 26.5 µm. This result was based on preliminary trials with both mini and big 
drums (Fig. A.7.1 & Fig. A.7.2). 
 
7.2.2 Experimental design 
The study was conducted in two set-ups. The first set-up was focused on the stage of refining, where 
both the mini and big drums of the melanger were studied in comparison to the 3-roll refiner for particle 
size reduction. The outcome was evaluated on the basis of particle size and microscopic imaging 
analyses. Thereafter, an optimal setting for the melanger was selected and further investigated with 
reference to the 3-roll refiner for the impact of the different refining equipment on some quality attributes 
of the final chocolate. The second set-up was also focused on the conching stage, where two processing 
parameters were explored using the Stephan mixer in a conching-like process. Hitherto, the impact of 
these processing parameters were also evaluated with respect to the same quality attributes of the end 
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chocolates as in set-up 1. Summary of the processes involved in both set-ups have been outlined in Fig. 
7.3, 7.4 and 7.5.  
NOTE: “Full fat” refers to fat content of 40% as is recommended for smooth running of the melanger 
Fig. 7.3: Chocolate refining using melanger and 3-roll refiner   
 
7.2.2.1 Experimental set-up 1 
7.2.2.1.1 Comparing melanger and 3-roll refiner for particle reduction during chocolate 
refining 
Two different recipes were tested at different settings of the ECGC-12SL CocoaTown melanger 
(CocoaTown, Roswell, USA) and the Exakt 80S 3-roll refiner (Exakt Technologies, inc., USA) (Fig. 
7.3). Thereafter, particle size distribution (PSD) of samples before and after refining were analyzed and 
compared. The first recipe had a total fat content of 27% - being optimal for the 3-roll refiner, whereas 
the second recipe, also referred to as “full fat”, had a total fat content of 40% as is recommended for the 
smooth running of the melanger. The amounts of cocoa liquor and sugar needed were calculated on the 
account of the previously determined fat content of the cocoa liquor.  
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NOTE: “Full fat” refers to fat content of 40% as is recommended for smooth running of the melanger 
Fig. 7.4: Outline of conventional (choc 1) and alternative chocolate (choc 2, choc 3A-3F) production techniques 
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Step Choc 1 Choc 2 Choc 3A-3F 
Mixing  
 
VEMA mixer 
 
VEMA mixer 
 
Hobart mixer 
Refining 
 
3-roll refiner 
 
Melanger 
 
Melanger 
Conching/ 
Conching-like 
process 
 
ELK’olino conche 
 
ELK’olino conche 
 
Stephan mixer 
   
 
Stephan mixer with vacuum pump 
 Fig. 7.5: Conventional and alternative chocolate production steps
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For the recipe 1 (27% fat), 900 g of sugar and 780 g of cocoa liquor were mixed for 20 min in a VEMA 
BM 30/20 planetary mixer (Machinery Verhoest NV/Vema Construct, Izegem, Belgium) at a constant 
temperature of 45 °C. Whereas, for recipe 2 (40% fat), 900 g sugar was mixed with 1939.5 g cocoa 
liquor using the same mixing equipment/process. 
 
The 3-roll refiner was operated at a constant temperature of 35 oC and roller speed of 400 rpm with two 
different gap settings 3-1 and 2-1. This means that the gap in between the first two rolls was adjusted to 
either 3 or 2, while the gap in between the second and last roll was always kept constant at 1. However, 
refining in the melanger (both mini and big drums) was also carried out at 1.5, 3.0 and 4.5 h durations. 
Since the melanger operates at room temperature (ca. 27 ⁰C), it was necessary to monitor the temperature 
of the refining chocolate mass during the entire process. Generally, temperature rose to approximately 
40 oC due to internal friction. However, at fat content of 27%, refining beyond three hours with the mini 
drum resulted in a dramatic rise in temperature (= 78 oC) of the chocolate mass. Meanwhile, the 
maximum temperature allowed for the operation of the melanger, according to the manufacturer is 80 
oC. For this reason, the process was discontinued beyond three hours. For the same reason, refining with 
the big drum at 27% fat was not carried out in order to avoid the risk of damage through overheating. 
Following investigations by both PSD and microscopic analyses, one optimal setting from each 
equipment was selected for further chocolate production. For the 3-roll refiner, the gap setting 2-1, at 
27% fat was selected, whereas, for the melanger, refining with the mini drum for three hours at 40% fat 
was selected. Selection was done on the basis of maximum particle reduction in both equipment, and 
especially in the case of the melanger, the shortest possible time to achieve reasonably refined mass. 
 
7.2.2.1.2 Chocolate production  
Two batches of 70% dark chocolate (total fat = 43%) consisting of 30% pre-broken sugar (Barry 
Callebaut Belgium, Wieze, Belgium), 64.65% cocoa liquor, 5% cocoa butter (Puratos - Belcolade, 
Erembodegem, Belgium) and 0.35% soy lecithin (Soya International Ltd, Cheshire, U.K.) were 
produced on a 5 kg scale (Fig. 7.4 and 7.5). Mixing was carried out using the VEMA BM 30/20 planetary 
mixer (Machinery Verhoest NV/Vema Construct, Izegem, Belgium) for a duration of 20 min at 45 oC. 
For the first batch, the mixed ingredients (27% fat) was refined with the Exakt 80S 3-roll refiner (Exakt 
Technologies, inc., USA) at gap setting 2-1, roller speed of 400 rpm and temperature of 35 oC (referred 
to as choc 1). However, the second batch of mixed ingredients (40% or full fat) was refined using the 
mini drum of the ECGC-12SLTA CocoaTown melanger (CocoaTown, Roswell, USA) for a duration of 
three hours (referred to as choc 2). In each case, the resulting refined chocolate mass was conched in a 
Bühler ELK'olino conche (Richard Frisse GmbH, Bad Salzuflen, Germany) in two phases. The dry 
phase was carried out at 60 oC with 1200 rpm for two hours (clockwise) and 80 oC with 1200 rpm for 
four hours (anti-clockwise). At the liquid phase, calculated amounts of pre-conched cocoa liquor, cocoa 
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butter and the soy lecithin were added, such that, the final fat content of the chocolate was 43%. Here, 
the process was carried out as follows; 45 oC with 2400 rpm for 15 min (clockwise) and 15 min (anti-
clockwise). Specifically, in the case of choc 1, pre-conching of part of the cocoa liquor was necessary 
since the entire amount of cocoa liquor required to produce final chocolate consisting of 70% cocoa 
could not be included in the recipe before refining. This is because; for the refining mass, a final fat 
content of 27% was required for optimal processing by the 3-roll refiner. Hence, for this batch, a 
calculated amount of cocoa liquor was previously dry-conched using the same dry conching procedure, 
which was then subsequently added at the stage of liquefaction in order to make up for this final 
concentration. However, for choc 2, this was not the case because, here, since the melanger refines at 
full fat, the entire amount of cocoa liquor required for the production of 70% cocoa chocolate could be 
included at the mixing stage prior to refining. 
 
7.2.2.2 Experimental set-up 2 
Six 70% dark chocolates were produced with the same composition of ingredients just like choc 2. 
However, these were produced on a 1 kg scale due to the capacity of the Stephan mixer. Mixing of the 
sugar and cocoa liquor was carried out in a Hobart mixer (Troy, USA) for a duration of 20 min at 45 oC 
just like in the VEMA mixer. However, here, the temperature of the mixing ingredients was maintained 
by means of a heat gun (BOSCH, Germany). Thereafter, the mixed ingredients was refined in the mini 
drum of the ECGC-12SLTA CocoaTown melanger (CocoaTown, Roswell, USA) as described in set-up 
1. Next, the Stephan mixer (STEPHAN food service equipment GmbH, Hameln, Germany) was used 
for mimicking the conventional conching process. For dry conching, it was operated at blade speed of 
1500 rpm for a duration of 60 min. In order to facilitate moisture reduction and the loss of unwanted 
volatiles during the process, a vacuum pump (KNF Neuberger, Inc., USA) was connected to the Stephan 
mixer as shown in Fig. 7.5. The pump was operated at – 0.7 bar. Here, a 2 × 3 full factorial design was 
used, consisting of dry conching temperatures; 60 °C and 80 °C, and vacuum durations, 0, 30 and 60 
min. After the dry conching, the vacuum pump was detached, the required amount of cocoa butter and 
lecithin were then added to the chocolates. Liquefaction was then carried out at 50 oC for 15 min with 
blade speed of 1500 rpm according to Saputro et al. (2016b). The resulting chocolates were hereby 
referred to as choc 3A, 3B, 3C, 3D, 3E, and 3F representing dry conching conditions 
(temperature/vacuum duration); 60°C/0 min, 60°C/30 min, 60°C/60 min, 80°C/0 min, 80°C/30 min, and 
80°C/60 min respectively. 
 
7.2.3 Light microscopy 
Microstructures of cocoa liquor, the different refined chocolate masses and finished chocolate were 
observed using a Leica DM2500 microscope (Wetzlar, Germany) equipped with a temperature-
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controlled sample holder (Linkam Scientific Instrument Ltd, Surrey, UK). Samples were observed under 
both normal and polarized light (magnification = 20×). In the case of the former, 0.5 g of each molten 
sample was first diluted in 10 ml isopropanol (VWR, Leuven, Belgium), homogenized by shaking and 
then after, a representative drop was brought to the glass slide using a Pasteur pipette. A cover slip was 
then carefully placed on the sample. It was then mounted on the sample holder (isothermal at 50 oC) for 
visualization. However, samples were observed “as-is” under the polarized light. 
 
7.2.4 Scanning electron microscopy (SEM) 
In other to enhance visualization, the samples were first partially defatted by dissolving 0.5 g sample in 
10 ml isopropanol (VWR, Leuven, Belgium), filtered over Whatman No. 40 filter paper and dried in an 
oven at 50 oC for one hour. The surface morphology of the partially defatted cocoa liquor and chocolate 
were then visualized using a JSM-7100 F TTLS LV TFEG-SEM (Jeol Europe BV, Zaventem, Belgium) 
under high vacuum and at an accelerated voltage of 2 keV. Prior to electron beam targeting, the samples 
were vitrified in liquid nitrogen and transferred to a PP3000T device (Quorum Technologies Ltd., East 
Sussex, UK) at -140 oC. Here, the samples were allowed to sublime for 15 min at -70 oC in order to 
remove frost artifacts. Prior to the transfer from the cryo-preparation room to the SEM chamber, a thin 
layer of a conductive metal (Pt) was deposited on the samples. This sputter coating process prevents 
charging of specimens with an electron beam. 
 
7.2.5 Particle size distribution, moisture content, flow behavior and color 
Particle size distribution (refined masses and final chocolates) and flow behavior of chocolates were 
determined as described in section 3.2.3. Moisture contents of chocolates were determined according to 
the AOAC (2005) method 931.04. Color of the molten chocolates was also determined as already 
described in section 4.2.2. 
 
7.2.6 Flavor attributes of dark chocolates 
7.2.6.1 Chocolate acidity and aroma profile 
Chocolate acidity (pH and TA) was analyzed as described in section 2.2.6. Aroma analysis was carried 
out with HS-SPME-GC-MS as described in section 2.2.9. 
  
7.2.6.2 Consumer preference testing  
From the three main clusters of chocolates (Fig. 7.10), representative chocolates were selected. This 
selection was based on representative chocolates showing high similarity in other quality attributes such 
as; particle size, flow behavior (yield value, plastic viscosity, thixotropy), and moisture content. A total 
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number of 112 consumers (male = 43, female = 69), aged between 18-30 years, were then asked to rank 
the chocolates based on their preference or appreciation of the overall flavor profiles in the order of 1-3 
(1 = most preferred, 2 = moderately preferred, 3 = least preferred). From these, statistical difference (if 
any) among the samples would be additionally useful in determining whether (or not) consumers would 
have any specific preference for a particular cluster of chocolates. 
 
7.2.7 Statistical analysis 
Statistical analysis was performed with Minitab 18 (Minitab Inc, USA). For set-up 1, the different 
responses were subjected to Analysis of Variance (ANOVA) with a 5% significance level. Assumptions 
of normality and equality of variance were tested prior to the analysis using Kolmogorov-Smirnov test 
and Modified Levene’s test, respectively. Where assumptions were fulfilled, a post-hoc Tukey’s test 
was used to investigate significant differences between the different levels of the predictors. However, 
when assumption was not fulfilled, a non-parametric alternative, Welch was used along with Games 
Howell post-hoc test. In set-up 2, a general linear model (GLM) was used to explore the impact of factors 
(dry conching temperature and vacuum duration) and their interaction effect on the various responses. 
Here, assumptions of normality of residuals, linearity of the covariate effect and constancy of the 
variance were also verified. Further, Agglomerative Hierarchical Clustering (AHC) of the samples on 
the basis of their aroma profiles was also carried out using XLSTAT 2014.5.03 (Addinsoft, USA). For 
the consumer preference testing, results were analyzed with a Friedman’s test with null hypothesis, H0: 
“the samples come from the same population”, and alternative hypothesis, HA: “the samples do not come 
from the same population”. A significance level of 5% was applied. All analyses were carried out in 
triplicate (as technical replicates) unless otherwise stated in a specific procedure. Results have been 
reported in each table as means and standard deviations of the recorded values. In the case of highly 
reproducible data, the calculated standard deviation may be much lower than the acceptable number of 
decimal places for a given parameter - in which case it is rounded off to zero.   
 
7.3 Results and discussion  
7.3.1 Particle properties of refined chocolate mass using melanger and 3-roll refiner 
7.3.1.1 Particle size distribution 
From Table 7.1, a clear downward trend in PSD with refining time was observed. Also, at the different 
fat contents, both mini and big drums proved to be effective in significantly (p<0.05) reducing particle 
size with increasing refining time. Consequently, SSA also increased. Meanwhile, for a given duration, 
particle size parameters were slightly lower in the mini drum compared to the big drum. This may be 
attributed to the difference in geometry of the roller stones (Fig. 7.2 and B.7.1), as it dictates the linear 
speed gradient of product during the refining process. Tan and Balasubramanian (2017), who reported 
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similar findings, suggested that at constant rotational speed of the roller stones, the linear speed of the 
product at the outer edge of the cylindrical roller stones in the mini drum is greater than that at the inner 
edge due to the difference in distance between the two edges of the roller stones to the center of the 
drum. This therefore creates a resultant linear speed gradient between the refining mass at the center and 
that at the walls of the rotating drum. It is suggested that this gradient consequently introduces shearing 
forces which may have contributed to the crushing of more cocoa and sugar particles. Meanwhile, in the 
case of the big drum, which is equipped with conical roller stones, an opposite scenario is observed 
where almost no or very limited gradient is created during the refining process, hence, less shearing 
forces are generated leading to relatively minimal particle reduction for the same duration of refining. 
Although the differences in the amount of samples used in both drums may have also contributed to this 
observation, early work by Tan and Balasubramanian (2017) during grinding of cocoa nibs proved that 
this was indeed insignificant, in comparison to the impact of the geometry of the roller stones. 
 
Comparing the different settings of the 3-roll refiner, it was evident that the smaller the roller gap, the 
smaller the particle size due to a more effective crushing of the solid particles. According to Do et al. 
(2007), optimum particle size of dark chocolate after refining should be < 30 μm, as larger particles 
result in gritty mouth feel. Considering the values of D (v, 0.9) from Table 7.1, for the full fat recipe, 
these were obtained after 3 h and 4.5 h of refining with the mini and big drums respectively. 
Additionally, at both fat contents, the D (v, 0.9) from setting (2-1) of the 3-roll refiner were also 
sufficiently reduced. The differences in particle sizes of refined chocolate masses from both melanger 
and 3-roll refiner could be due to the differences in both the equipment and the throughput time. Whereas 
the former was operated between 1.5-4.5 h, it only took 5-10 min to refine the same amount of product 
with the latter. 
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Table 7.1:  Particle size profiles of refined chocolates using melanger and 3-roll refiner [n = 3] 
Sample 
Derived Diameter Distribution Percentiles Other 
D(4,3) (µm) D(3,2) (µm) D(v,0.1) (µm) D(v,0.5) (µm) D(v,0.9) (µm) SSA (m²/m³) Span 
FULL FAT 
Before refining (Full fat) 31.00 ± 2.76a 3.16 ± 0.05b 1.70 ± 0.04b 12.21 ± 0.39b 90.12 ± 10.57a 1.90 ± 0.03a 7.12 ± 0.69a 
Mini drum 1.5 h (Full fat) 15.62 ± 0.84de 2.95 ± 0.03de 1.59 ± 0.06ef 9.44 ± 0.43f 37.87 ± 3.39d 2.03 ± 0.02e 3.84 ± 0.18f 
Mini drum 3 h (Full fat) 10.68 ± 0.27g 2.59 ± 0.03g 1.34 ± 0.02h 7.80 ± 0.12g 23.86 ± 0.64g 2.32 ± 0.03c 2.89 ± 0.04i 
Mini drum 4.5 h (Full fat) 10.34 ± 0.12gv 2.59 ± 0.06g 1.39 ± 0.01h 7.57 ± 0.03g 22.89 ± 0.26g 2.32 ± 0.05c 2.84 ± 0.02i 
Big drum 1.5 h (Full fat) 18.58 ± 0.95c 3.08 ± 0.07cd 1.68 ± 0.05cde 10.16 ± 0.36ef 48.27 ± 3.51c 1.95 ± 0.05ef 4.58 ± 0.19d 
Big drum 3 h (Full fat) 15.65 ± 0.38de 2.78 ± 0.11ef 1.49 ± 0.08g 9.49 ± 0.24f 39.62 ± 0.99d 2.16 ± 0.09d 4.02 ± 0.07e 
Big drum 4.5 h (Full fat) 12.08 ± 0.89fg 2.77 ± 0.07f 1.52 ± 0.06fg 8.23 ± 0.29g 27.27 ± 2.42efg 2.17 ± 0.06d 3.12 ± 0.18h 
3-roll refiner (3-1)(Full fat) 15.59 ± 0.05de 3.25 ±0.05c 1.74 ± 0.02cd 10.63 ± 0.11de 36.80 ± 0.12d 1.85 ± 0.03f 3.30 ± 0.05h 
3-roll refiner (2-1)(Full fat) 13.67 ± 0.24ef 3.11 ± 0.07cd 1.70 ± 0.02cd 10.00 ± 0.08ef 30.87 ± 0.74e 1.93 ± 0.04ef 2.92 ± 0.06i 
27% FAT 
Before refining (27% fat) 32.36 ± 2.05a 3.77 ± 0.07a 2.14 ± 0.06a 14.88 ± 0.75a 89.75 ± 5.99a 1.60 ± 0.03b 5.87 ± 0.24b 
Mini drum 1.5 h (27% fat) 24.67 ± 3.67b 3.22 ± 0.17c 1.77 ± 0.12c 11.92 ± 1.84c 67.42 ± 8.97b 1.87 ± 0.10f 5.52 ± 0.11c 
Mini drum 3 h (27% fat) 24.31 ± 0.85b 3.15 ± 0.04c 1.68 ± 0.02cde 11.78 ± 0.48c 65.39 ± 2.02b 1.91 ± 0.02f 5.42 ± 0.06c 
Mini drum 4.5 h (27% fat) - - - - - - - 
Big drum 1.5 h (27% fat) - - - - - - - 
Big drum 3 h (27% fat) - - - - - - - 
Big drum 4.5 h (27% fat) - - - - - - - 
3-roll refiner (3-1)(27% fat) 17.35 ± 0.23cd 3.12 ± 0.08cd 1.77 ± 0.01c 11.54 ± 0.23cd 41.97 ± 0.50d 1.93 ± 0.05ef 3.49 ± 0.03g 
3-roll refiner (2-1)(27% fat) 12.83 ± 0.46f 3.08 ± 0.24cd 1.67 ± 0.08de 9.52 ± 0.33f 28.97 ± 0.94ef 1.96 ± 0.15ef 2.87 ± 0.01i 
Different superscripts in a column indicate significant differences (p<0.05) 
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7.3.1.2 Microscopy 
Since dark chocolate consists of 65-75% suspended solid particles, the sizes of these particles will have 
a huge influence on the microstructure, and subsequently, other physical and flow properties of the final 
chocolate (Afoakwa, 2010). The shapes and sizes of the particles that form the chocolate matrix originate 
from the ingredients; in this case, the refined cocoa solids and sugar particles in the matrix. Hence, in 
order to understand the evolution of the microstructural changes during the refining process, three 
microscopic techniques were applied, namely; Normal Light Microscopy (NLM), Polarized Light 
Microscopy (PLM) and Scanning Electron Microscopy (SEM). First a deeper understanding of the 
microstructure was sought by comparing the initial cocoa liquor to that of the final chocolate, obviously, 
with the presence of sugar particles being the difference between the two matrices. After this one 
technique was chosen to follow through the different refining processes.  
 
From Fig. 7.6, a clear difference is seen. NLM revealed the microstructure of cocoa liquor being 
dominated by black circular spots representing solid cocoa particles with sizes range < 20 µm. However, 
in the chocolate, additional sugar particles are represented by clear crystals with jagged irregular shapes 
and sharp edges which consist of approximate sizes ≤ 30 µm. This irregular breaking pattern is due to 
their brittle nature under mechanical stress during the process of refining (Beckett, 2009). Similarly, this 
difference is also seen from PLM although under polarized light, only the presence of sugar crystals are 
seen in the chocolate with a dense microstructure. Images from SEM were more detailed; consisting of 
a more loose packing of cocoa particles of different sizes and shapes overlaid with some amount of fat 
crystals due to partial defatting of the samples. Additionally, other ellipsoidal components within the 
matrix which appeared to retain their shape in spite of the grinding and refining processes were observed. 
According to Beckett (2009), milled cocoa particles appear as small platelets, but also included are cocoa 
starch granules. Of these, the starch granules are known to contribute roughly 7% of the weight of the 
liquor. Their sizes range from 2 to 12.5 µm, thus, due to their small sizes, making it possible for them 
to retain their ellipsoidal shape even after milling or refining. The same was confirmed by Afoakwa 
(2016), who reported 6.1% starch granules in dried Forastero cocoa beans. Unlike the cocoa liquor, a 
large (≤ 30 µm), broken sugar particle with a somewhat rectangular shape was additionally found in the 
SEM image of the chocolate. Similar crystalline sugar particles have also been described by Saputro et 
al. (2017) who studied sugar crystals with the SEM. Indeed, as long as cocoa liquor has been sufficiently 
grinded, the sole purpose of refining is to reduce the size of sugar particles. As indicated earlier, the 
initial liquor consisted of an average particle size; D (v, 0.9) = 26.5 µm. This means that except for the 
samples refined beyond three hours at full fat using the mini drum, the other processes were less effective 
in further reducing the particle size of the cocoa solids during the process. Notwithstanding, NLM 
images (Fig. 7.7 and 7.8) of the various samples were also found to be in agreement with the earlier 
trends from Table 7.1.  
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 Fig. 7.6: Images of NLM (top), PLM (middle) and Cryo-SEM (bottom) showing the microstructure 
of cocoa liquor (left) and chocolate (right). A: cocoa particles overlaid with fat crystals; B: cocoa 
starch granules; C: sugar particle  
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Big drum Mini drum 
 
A: 1.5 h, full fat 
 
B: 1.5 h, full fat 
 
C: 3 h, full fat 
 
D: 3 h, full fat 
 
E: 4.5 h, full fat 
 
F: 4.5 h, full fat 
 
Fig. 7.7: NLM images revealing sugar and cocoa particles during refining with melanger 
 
 
 
208 
  
 
Full fat 27% 
 
A: 3-roll refiner (setting 3-1) 
 
B: 3-roll refiner (setting 3-1) 
 
C: 3-roll refiner (setting 2-1) 
 
D: 3-roll refiner (setting 2-1) 
 
Fig. 7.8: NLM images revealing sugar and cocoa particles during 3-roll refining 
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7.3.2 Chocolate quality attributes as affected by different processing equipment or 
techniques 
7.3.2.1 Moisture content 
The moisture content of chocolate is known to be a key factor influencing its rheological and textural 
attributes. Comparing the chocolates from set-up 1, no significant (p>0.05) difference between moisture 
contents of the final chocolates was found in spite of the refining technique used. This is probably due 
to the fact that both chocolates were conched with the same equipment. However, in the case of set-up 
2, a demonstration of the removal of moisture due to the conching parameters was observed in spite of 
the initial moisture contents of the cocoa liquor and pre-broken sugar, being (1.99% ± 0.11) and (0.26% 
± 0.01) respectively. Here, the moisture contents of the chocolates ranged from 0.52% ± 0.03 in choc 
3F to 1.03% ± 0.09 in choc 3A (Table 7.2). A significant (p<0.05) decline in moisture content was 
observed with increasing duration of the vacuum pump (Table 7.3). This is because at fixed temperature, 
the decrease in pressure due to the vacuum, may have resulted in a consequent decrease in the boiling 
point of water, thereby facilitating its evaporation from the chocolate matrix. As such, the longer the 
duration of the vacuum created by the pump, the higher the tendency for moisture removal, hence, the 
lower the resulting moisture content of the chocolates. Nevertheless, the moisture content was trivial 
between the two conching temperatures for the same duration of vacuum pump connection. This is 
evident from Table 7.3, where, only the vacuum duration showed significant (p<0.05) impact on the 
moisture content. Also, there was no significant (p>0.05) interaction effect. Interestingly, the moisture 
contents of all chocolates were within the range of 0.5-1.5% as recommended by Afoakwa et al. (2010) 
to be an acceptable range without drastic effects on their flow properties. 
 
7.3.2.2 Particle size distribution 
Considering set-up 1 from Table 7.4, the chocolate refined with the melanger recorded significantly 
(p<0.05) smaller particle parameters than the chocolate refined with the conventional 3-roll refiner. This 
obviously implies a notable impact of the type of equipment/technique in dictating the final particle size 
of the chocolate. Similar to an earlier observation in Table 7.1 and Fig. 7.8, it is possible that the presence 
of excess fat available within the matrix of choc 2 (refined at full fat) may have been responsible for 
coating the newly created sugar surfaces in the system, thereby, limiting the possibility of water-induced 
agglomeration through moisture reabsorption from either the ingredients or the surrounding (Beckett, 
2009; Saputro et al., 2016a,b). However, this was likely the case in choc 1 which was roll refined at 
27% fat content. Additionally, as earlier suggested, the different durations employed for the refining 
processes could have also contributed partially to this observed difference. 
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Table 7.2: Moisture content, flow parameters and color of chocolates produced through different processing means [n = 3] 
Chocolates Moisture (%) Casson yield value (Pa) Casson viscosity (Pa.s) Thixotropy (Pa) L* a* b* 
Set-up 1 
Choc 1 0.63 ± 0.11a 1.8 ± 0.0b 1.8 ± 0.0a 0.8 ± 0.0b 19.4 ± 0.4b 12.7 ± 0.2a 13.7 ± 0.7a 
Choc 2 0.62 ± 0.16a 3.4 ± 0.1a 1.3 ± 0.0b 1.0 ± 0.1a 22.5 ± 0.6a 10.6 ± 0.3b 9.4 ± 0.5b 
Set-up 2 
Choc 3A 1.03 ± 0.09A 3.0 ± 0.1BC 1.4 ± 0.0A 0.9 ± 0.0B 18.9 ± 0.2B 13.2 ± 0.1B 14.7 ± 0.4C 
Choc 3B 0.82 ± 0.05B 2.7 ± 0.0D 1.4 ± 0.0A 0.9 ± 0.0B 19.6 ± 0.3A 13.6 ± 0.1A 16.1 ± 0.4A 
Choc 3C 0.62 ± 0.03CD 2.9 ± 0.0C 1.4 ± 0.0A 0.9 ± 0.0AB 18.8 ± 0.1B 13.2 ± 0.1B 15.4 ± 0.2B 
Choc 3D 1.01 ± 0.02A 3.3 ± 0.1A 1.4 ± 0.0A 0.7 ± 0.1C 18.9 ± 0.1B 13.6 ± 0.1A 16.1 ± 0.4A 
Choc 3E 0.74 ± 0.03BC 3.2 ± 0.1AB 1.4 ± 0.0A 0.9 ± 0.1AB 19.4 ± 0.1A 13.1 ± 0.0B 14.3 ± 0.2C 
Choc 3F 0.52 ± 0.03D 2.9 ± 0.1CD 1.4 ± 0.0A 1.0 ± 0.1A 19.0 ± 0.0B 13.3 ± 0.1B 15.4 ± 0.2B 
Different alphabets (lowercase: set-up 1 and uppercase: set-up 2) in each column indicate significant differences (p<0.05) 
 
 
 
Table 7.3: ANOVA summary showing F-values of chocolate quality attributes with varying dry conching temperature and vacuum pump duration 
using the Stephan mixer 
  
PSD profile Flow parameters Color values 
Factor Moisture 
(%) 
D (4,3) 
(μm) 
D (3,2) 
(μm) 
D (v,0.1) 
(μm) 
D (v,0.5) 
(μm) 
D (v,0.9) 
(μm) 
SSA 
(m²/m³) 
Span Yield 
value (Pa) 
Viscosity 
(Pa.s) 
Thixotropy 
(Pa) 
L* a* b* 
T 8.65 19.11* 2.67 8.53* 24.52* 10.52 2.61 0.5 57.60* 1.00 0.00 0.00 0.11 1.47 
V 138.44* 27.35* 4.48* 4.56 8.58* 29.13* 4.67* 10.72* 22.80* 1.00 31.20* 41.87* 4.14* 2.34 
T × V 1.5 0.56 7.13* 4.16* 2.42 0.06 7.25* 1.45 25.20* 1.00 16.80* 3.64* 57.83* 68.45* 
R2 (%) 96.0 86.2 68.3 68.4 79.5 85.2 68.8 67.4 92.75 29.41 88.89 79.13 83.79 85.63 
T = dry conching temperature (⁰C); V = vacuum pump duration (min); regression coefficients with (*) are significant at α = 0.05  
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Table 7.4: PSD profiles of chocolates produced through different processing means [n = 3] 
Chocolates 
Derived Diameter Distribution Percentiles Other 
D(4,3) (µm) D(3,2) (µm) D(v,0.1) (µm) D(v,0.5) (µm) D(v,0.9) (µm) SSA (m²/m³) Span 
Set-up 1 
Choc 1 12.38 ± 0.22a 2.83 ± 0.08a 1.42 ± 0.03a 8.53 ± 0.12a 28.00 ± 0.61a 2.12 ± 0.06b 3.11 ± 0.03a 
Choc 2 11.08 ± 0.05b 2.60 ± 0.07b 1.34 ± 0.01b 7.86 ± 0.10b 25.25 ± 0.09b 2.31 ± 0.06a 3.04 ± 0.05a 
Set-up 2 
Choc 3A 12.69 ± 0.08A 2.68 ± 0.04AB 1.38 ± 0.03AB 8.42 ± 0.06AB 30.16 ± 0.33A 2.24 ± 0.03BC 3.42 ± 0.03A 
Choc 3B 12.50 ± 0.17A 2.70 ± 0.07A 1.41 ± 0.02A 8.49 ± 0.14A 29.36 ± 0.29AB 2.23 ± 0.06C 3.29 ± 0.03AB 
Choc 3C 11.93 ± 0.04BC 2.51 ± 0.01BC 1.31 ± 0.03AB 8.19 ± 0.13BC 27.98 ± 0.02C 2.39 ± 0.01AB 3.26 ± 0.05B 
Choc 3D 12.37 ± 0.26AB 2.65 ± 0.02ABC 1.36 ± 0.02AB 8.26 ± 0.02ABC 29.41 ± 0.87AB 2.27 ± 0.02ABC 3.40 ± 0.10AB 
Choc 3E 12.03 ± 0.04BC 2.50 ± 0.08C 1.29 ± 0.05B 8.07 ± 0.11C 28.53 ± 0.09BC 2.41 ± 0.08A 3.37 ± 0.06AB 
Choc 3F 11.66 ± 0.27C 2.59 ± 0.11ABC 1.31 ± 0.05B 7.99 ± 0.15C 27.33 ± 0.68C 2.32 ± 0.10ABC 3.26 ± 0.02B 
Different alphabets (lowercase: set-up 1 and uppercase: set-up 2) in each column indicate significant differences (p<0.05)
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Considering set-up 2, it can be observed from Table 7.3 that whereas dry conching temperature only had 
significant (p<0.05) impact on D (4,3), D (v, 0.1) and D (v, 0.5), all particle parameters but D (v, 0.1) 
were significantly (p<0.05) influenced by vacuum duration. Of these, only D (3,2), D (v, 0.1) and the 
SSA recorded significant (p<0.05) interaction effects of the two factors. As stated before, the D (v, 0.9) 
generally shows a direct proportional relationship with other PSD parameters, except for the SSA, in 
which case, the opposite is observed. It is therefore highly essential in explaining the finesses of the 
chocolates as perceived by consumers. The D (v, 0.9), decreased significantly (p<0.05) with increasing 
vacuum pump duration for the two conching temperatures (Table 7.4). In retrospect, a similar decreasing 
trend in moisture content with increasing vacuum pump duration was initially observed (Table 7.2). 
Afoakwa (2010) explained that the presence of moisture in chocolate promotes various interactions 
among hydrophilic particles, such as aggregation of sugar particles resulting in lump formation with a 
consequential increase in particle sizes. This idea may explain the possible effect of the moisture content 
on the decline in particle sizes as the duration of vacuum pump connection was increased. Hereby, the 
more moisture was removed by the action of the vacuum pump, the lesser the tendency to promote 
agglomeration among the hydrophilic sugar particles. Interestingly, the aforementioned trends are fairly 
reflected in the other particle size parameters as well. 
 
7.3.2.3 Flow behavior 
The yield value according to Beckett (2009), corresponds to the stress needed to initiate flow and it is 
mainly determined by the particle-particle interactions in the microstructure of the chocolate. Different 
chocolates may have different yield values, depending on their specific composition and application. 
From set-up 1 (Table 7.2), an impact of the refining equipment/technique on yield value is exhibited, 
whereby choc 2 recorded a significantly (p<0.05) higher yield value than choc 1. This is due to the 
smaller particle size with higher SSA in the former. The work of Bolenz and Manske (2013) provided 
insights on the linear relationship between the yield value and SSA of the chocolate. They explained 
that a higher yield value was as a result of the existence of smaller particle sizes with higher SSA, 
engaging in various particle-particle interactions. This results in a more rigid microstructure which is 
resistant to the initiation of flow. Unlike, in set-up 1, no clear trend in yield value was found from the 
chocolates in set-up 2. The reasons for this could have been due to the combined effect of moisture and 
particle size distribution of the chocolates, both of which have opposite influence on yield value. 
Notwithstanding, choc 3D-3F seemed to reveal a slight decreasing trend in yield value with increasing 
vacuum duration. With this trend being similar to that of the moisture content, we may suggest that in 
this instance, the impact of moisture on the matrix may have played a more important role in dictating 
the yield value of the chocolates. This is also evident from Table 7.3, where all factors and their 
interaction effect – both contributing to moisture reduction – also contributed significantly (p<0.05) to 
the observed outcome. 
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The viscosity of the chocolate describes its resistance to flow once the motion has been initiated. 
Contrary to the yield value, choc 2 with lower particle size also recorded the lowest viscosity. According 
to Chevalley (1999), the PSD is more pronounced on the yield value than the plastic viscosity of the 
chocolate. Hitherto, the free fat content, consistency and arrangement packing arrangement of the 
particles play a major role. Withal, Beckett (2009) recognized that unlike the yield value, a phenomenon 
where the viscosity decreases amidst fine particles is not surprising. He ascribed this to the packing 
arrangement of the suspended solids and the increasing amounts of unbound fat in the chocolate system 
making it possible for particles to slide over each other with ease during motion. Whilst studying the 
impact of particle size on the Casson yield and viscosity of chocolate, it was observed that a unimodal 
distribution resulted in a much lower effect on the flow parameters than in the case of a bimodal 
distribution. Moreover, whereas no effect was seen on the viscosity at fat content beyond 34%, the 
impact on the yield value rather persisted to 45% fat content. Thus, at high fat content, the excess amount 
of free fat in the system plays a more important role in determining the viscosity of the chocolates. In 
this study, the chocolates, were manufactured with a total fat content of 43%. This suggests that the 
chocolate with smaller particles may be less likely to impede motion within the chocolate.  
 
More importantly, contrary to the 3-roll refiner, it appears that the ability of the melanger to sufficiently 
coat most of the newly formed sugar surfaces with the extra fat, may have played an additional role in 
viscosity reduction by way of keeping the hydrophilic sugar particles further apart (Table 7.2). This may 
also be responsible for the observed outcome of chocolates from set-up 2, where all chocolates had 
comparable viscosities. Here, in spite of the slight differences in particle sizes (Table 7.4), the more 
efficient coating of particles due to the same refining technique using the melanger and the additional 
impact of high fat content of the chocolate may have been chiefly responsible for the viscosities of these 
chocolates. Hitherto, the difference between the observed trend in set-up 1 as opposed to that of set-up 
2, can be attributed to the different refining and conching equipment used. From Table 7.3, it was 
therefore not surprising both factors and their interaction appeared to have no significant (p>0.05) 
impact on the Casson viscosities of the chocolates. Obviously, only 29% of the variability could be 
explained, leaving 71% to other factors (suggestively, the impact of fat content and refining equipment) 
which were not considered in the model. 
 
Generally, Table 7.2 revealed that chocolates with smaller particles (higher SSA) also exhibited high 
thixotropic behavior, although, statistically, there is no clear trend in the case of the chocolates from set-
up 2. It is however clear that the higher the extent to which larger particles are fragmented into smaller 
ones during the processing, the greater the need to coat these new surfaces with the continuous fat phase. 
It is expected that a well-conched chocolate exhibits minimal thixotropic behavior (Servais et al., 2002; 
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Afoakwa, 2010). Interestingly, in spite of the equipment/technique applied, all chocolates proved to be 
less thixotropic with values ≤ 1 Pa. 
 
7.3.2.4 Color 
The color is a key contributor to the appearance of the chocolate and influences the perception of 
consumers. In comparison to the values in Table 7.2, the initial liquor (L* = 15.24 ± 0.10, a* = 12.58 ± 
0.08, b* = 12.36 ± 0.07) appeared much darker (lowest L* value) than the chocolates. Similarly, a* and 
b* components had lower values. This is obviously due to the composition as no sugar has been added 
to the liquor. As sugar is added, there appears to be a “dilution” effect on the intensity of the color of 
the chocolates. From set-up 1, choc 2 (refined with the melanger), which recorded smaller particle size, 
also appeared lighter (higher L* value) with lower redness (a*) and yellowness (b*). Afoakwa et al. 
(2008) explained that smaller particles promote a more dense packing that scatters more light, and 
therefore leads to a lighter appearance. Chocolates from set-up 2 - which were conched with the Stephan 
mixer - showed no clear trend in terms of the color components. This may be indicative of the 
comparable color attributes of these chocolates. 
 
7.3.3 Flavor profiling of chocolates  
7.3.3.1 Chocolate acidity (pH and TA) 
The unpleasant sourness exhibited by fermented cocoa beans largely results from the formation and 
penetration of volatile and non-volatile organic acids originating from the pulp during the fermentation 
process (Aprotosoaie et al., 2016). Even though different manufacturing steps have been identified to 
greatly influence the level of volatile acids, the persisting non-volatile organic acids in the final 
chocolate may still impart some level of sourness, which, in most cases can be detected during 
consumption. In this work, possible differences in acidity; thus, the strength of acids (pH) and the 
amount of titratable acids (TA), due to the different processing equipment/technique were explored. 
From Table 7.5, no significant (p>0.05) differences were found in terms of acidity (pH and TA) for both 
set-up 1 and 2. Thus, it was evident that the different refining techniques applied could not have any 
impact on the level of acidity of choc 1 and 2. Similarly, neither the dry conching temperature nor the 
vacuum duration had any significant influence on the acidity of choc 3A-3F in set-up 2. 
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Table 7.5: Acidity of dark chocolates produced through conventional and other alternative 
processing techniques [n = 3] 
Chocolate pH (20⁰C) TA (meq NaOH/g) 
Set-up 1 
Choc 1 5.54 ± 0.01a 2.40 ± 0.01a 
Choc 2 5.55 ± 0.01a 2.35 ± 0.03a 
Set-up 2 
Choc 3A 5.50 ± 0.01A 2.69 ± 0.01A 
Choc 3B 5.51 ± 0.01A 2.68 ± 0.02A 
Choc 3C 5.51 ± 0.01A 2.67 ± 0.01A 
Choc 3D 5.50 ± 0.01A 2.68 ± 0.01A 
Choc 3E 5.52 ± 0.01A 2.65 ± 0.02A 
Choc 3F 5.52 ± 0.01A 2.66 ± 0.01A 
Set-up 1: chocolates produced with different refining equipment/techniques. Set-up 2: chocolates 
refined with melanger and conched under different conditions with Stephan mixer. Different alphabets 
(lowercase: set-up 1 and uppercase: set-up 2) indicate significant differences (p<0.05). 
 
7.3.3.2 Aroma profile 
Table 7.6 shows the full list of aroma compounds identified in the different chocolates. However, as a 
means of estimating the contribution of each volatile to the overall aroma of each chocolate, their OAV’s 
have been calculated (Table 7.7). Additionally, in order to assess the relationships between the different 
chocolates from both experimental set-ups in terms of their aroma profiles, an AHC of the chocolates 
was carried out. First, for all the identified aroma volatiles (Fig. 7.10a) and then for the odor-active 
volatiles (Fig. 7.10b).
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Table 7.6: Concentrations (ng/g cocoa) of aroma volatiles identified in dark chocolates produced through conventional and other alternative 
processing techniques [n = 3] 
 Set-up 1 Set-up 2   
 Choc 1 Choc 2 Choc 3A Choc 3B Choc 3C Choc 3D Choc 3E Choc 3F KI (exp) KI (lit)* 
Acids 
Acetic acid 
1346.36 ± 
27.94b 
1480.47 ± 
0.08a 
3501.53 ± 
250.39B 
2320.14 ± 
66.64C 
2188.81 ± 
47.47C 
4224.61 ± 
61.28A 
2219.86 ± 
79.25C 
1652.40 ± 
37.51D 
1450.502 1404 - 1477 
Isovaleric acid 108.60 ± 4.43a 79.84 ± 1.18b 
778.70 ± 
32.03A 
640.16 ± 
27.73B 
501.78 ± 
23.86C 
862.60 ± 
27.46A 
480.79 ± 
30.28C 
271.59 ± 7.64D 1648.053 1624 - 1665 
Isobutyric acid 17.16 ± 1.02 - 151.43 ± 1.46B 96.55 ± 7.97C 50.41 ± 4.15DE 225.06 ± 7.66A 66.02 ± 1.39D 36.12 ± 6.38E 1565.795 1563 - 1588 
2-Methylbutyric acid 44.33 ± 0.33 - 
455.22 ± 
53.85A 
406.68 ± 
28.89A 
449.10 ± 
24.20A 
468.41 ± 
16.34A 
442.94 ± 4.95A 
371.26 ± 
38.49A 
1650.737 1652 - 1667 
Total  
1516.45 ± 
22.81a 
1560.31 ± 
1.09a 
4886.88 ± 
337.71B 
3463.53 ± 
115.28C 
3190.10 ± 
51.28C 
5780.68 ± 
112.74A 
3209.61 ± 
113.08C 
2331.37 ± 
90.02D 
  
Alcohols 
2-Phenylethanol 
227.86 ± 
15.88a 
252.42 ± 
57.23a 
540.55 ± 
9.24AB 
474.08 ± 
5.17BC 
417.61 ± 
1.07CD 
606.28 ± 
35.10A 
471.07 ± 
20.46BC 
378.33 ± 
24.97D 
1830.015 1859 - 1965 
Isoamyl alcohol - - 10.12 ± 1.26B - - 13.91 ± 0.28A - - 1219.316 1205 - 1247 
2-Heptanol - - 39.69 ± 0.96A 30.35 ± 3.37B 23.71 ± 0.70B 41.74 ± 2.09A 23.27 ± 0.56B 15.06 ± 1.99C 1336.379 1273 - 1332 
Benzyl alcohol 35.38 ± 3.41a 40.53 ± 6.37a 35.34 ± 0.40AB 33.73 ± 0.98AB 32.44 ± 3.11AB 39.41 ± 1.59A 32.10 ± 2.93AB 26.72 ± 3.57B 1804.604 1837 - 1927 
Total  
263.24 ± 
19.29a 
292.95 ± 
63.60a 
625.70 ± 
7.42AB 
538.16 ± 
9.52BC 
473.77 ± 
2.75CD 
701.34 ± 
39.06A 
526.44 ± 
23.95C 
420.11 ± 
30.52D 
  
Aldehydes 
Benzaldehyde 100.13 ± 0.71a 81.74 ± 5.74b 
336.63 ± 
18.69A 
268.02 ± 6.27B 244.90 ± 7.00B 
377.42 ± 
23.14A 
249.95 ± 
15.33B 
182.37 ± 
11.96C 
1513.173 1486 - 1568 
3-Methylbutanal 55.57 ± 1.41a 36.38 ± 1.04b 72.12 ± 8.76A 35.33 ± 7.16B 36.88 ± 3.21B 91.14 ± 5.65A 37.24 ± 1.00B 31.91 ± 1.97B 928.4 912 - 936 
2-Methylbutanal 18.55 ± 0.96a 11.39 ± 1.52b 18.69 ± 1.48AB 12.08 ± 2.95B 12.29 ± 2.27B 24.20 ± 3.91A 13.53 ± 0.37B 10.29 ± 1.56B 925.8588 864 - 936 
Benzeneacetaldehyde 20.03 ± 1.38a 23.66 ± 0.13a 32.42 ± 1.35BC 27.91 ± 0.17BC 28.89 ± 1.29BC 41.59 ± 4.05A 33.74 ± 1.18AB 25.11 ± 2.59C 1616.389 1609 - 1706 
Total 194.28 ± 0.27a 153.16 ± 8.44b 
459.85 ± 
27.57A 
343.35 ± 
16.22B 
322.97 ± 
0.22BC 
534.36 ± 
36.74A 
334.46 ± 
15.15BC 
249.68 ± 
11.02C 
  
Ketones 
Acetophenone 40.86 ± 0.99a 37.15 ± 0.09b 
143.73 ± 
6.54AB 
136.85 ± 2.78B 127.86 ± 2.95B 160.63 ± 5.32A 127.63 ± 4.24B 104.29 ± 5.76C 1622.899 1600 - 1655 
2-Nonanone 16.43 ± 0.13a 12.53 ± 0.01b 53.72 ± 8.17A 49.93 ± 1.53A 49.78 ± 0.08A 53.41 ± 3.16A 47.46 ± 3.61A 38.90 ± 0.38A 1395.225 1388 
2-Pentanone 25.23 ± 2.14a 18.48 ± 3.27a 40.28 ± 3.33AB 26.26 ± 2.25CD 
37.10 ± 
1.86ABC 
46.84 ± 2.34A 34.13 ± 2.96BC 22.77 ± 3.50D 973.3979 983 
Total 82.52 ± 3.25a 68.15 ± 3.37b 
237.73 ± 
11.37AB 
213.04 ± 6.56B 214.73 ± 1.17B 
260.88 ± 
10.82A 
209.22 ± 4.89B 165.96 ± 9.63C   
Pyrazines 
Tetramethylpyrazine 225.32 ± 1.52a 
190.17 ± 
29.48a 
857.57 ± 3.25A 
764.84 ± 
36.20AB 
768.72 ± 
22.62AB 
802.00 ± 
25.44AB 
710.72 ± 
16.01B 
593.83 ± 
33.50C 
1477.226 1438 - 1474 
Trimethylpyrazine 21.85 ± 0.38a 16.55 ± 1.39b 130.98 ± 5.71A 108.76 ± 8.19B 102.22 ± 2.52B 133.98 ± 7.37A 88.70 ± 1.76BC 75.07 ± 2.51C 1411.043 1381 - 1413 
2,3-Dimethylpyrazine - - 18.09 ± 1.12B 15.43 ± 1.72BC 11.64 ± 0.20CD 25.30 ± 1.79A 11.84 ± 2.08CD 8.57 ± 0.76D 1352.94 1315 - 1344 
2,3-Dimethyl-5-
ethylpyrazine 
- - 92.22 ± 1.25A 69.94 ± 5.64AB 74.65 ± 8.27AB 
74.13 ± 
13.55AB 
69.06 ± 
11.94AB 
42.78 ± 3.43B 1464.464 1493 
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 Set-up 1 Set-up 2   
 Choc 1 Choc 2 Choc 3A Choc 3B Choc 3C Choc 3D Choc 3E Choc 3F KI (exp) KI (lit)* 
2-Ethyl-6-
methylpyrazine 
- - 8.66 ± 0.77A 6.76 ± 0.35B 6.69 ± 0.07B 8.72 ± 0.57A 6.74 ± 0.27B 4.60 ± 0.04C 1392.199 1381 - 1415 
Total 247.18 ± 1.91a 
206.72 ± 
30.86a 
1107.51 ± 
9.59A 
965.72 ± 
40.81BC 
963.93 ± 
11.70BC 
1044.13 ± 
48.71AB 
887.05 ± 
32.06C 
724.86 ± 
31.86D 
  
Esters 
Isoamyl acetate - - 16.65 ± 4.28A 12.07 ± 1.21A 8.27 ± 0.21AB 13.05 ± 5.32A - - 1120.384 1117 
2-Phenylethyl acetate 73.66 ± 3.30a 69.78 ± 7.96a 
138.72 ± 
9.71AB 
130.94 ± 
1.82AB 
130.89 ± 
0.07AB 
144.10 ± 3.77A 
131.31 ± 
7.27AB 
117.50 ± 7.12B 1756.751 1803 - 1821 
4-Ethylphenyl acetate 28.91 ± 1.60a 26.54 ± 1.93a 48.59 ± 6.78A 49.17 ± 0.59A 50.00 ± 0.02A 48.85 ± 4.56A 50.08 ± 3.58A 45.30 ± 5.83A 1734.223 1724 
Total 102.57 ± 4.91a 96.32 ± 9.90a 
203.96 ± 
12.21A 
192.18 ± 
1.20AB 
189.16 ± 
0.26AB 
206.00 ± 
13.65A 
181.38 ± 
10.85AB 
162.80 ± 
12.95B 
  
Furans, furanones, pyrans 
2,3-Dihydro-3,5-
dihydroxy-6-methyl-4H-
pyran-4-one 
14.74 ± 0.80a 8.11 ± 2.17a 
25.66 ± 
18.40AB 
19.57 ± 7.17B 14.74 ± 3.47B 62.56 ± 9.20A 23.02 ± 2.29B 15.04 ± 4.86B 2066.054 2211 
2,5-Dimethyl-4-hydroxy-
3[2H]-furanone 
- - 8.32 ± 1.60AB 6.35 ± 0.41B 6.59 ± 1.99B 13.03 ± 0.03A 7.96 ± 0.62B 4.91 ± 1.32B 1918.812 2016 - 2072 
2-Pentyl furan 25.47 ± 0.92b 31.88 ± 0.23a 37.10 ± 2.80A 36.15 ± 0.61A 35.10 ± 0.35A 33.59 ± 0.94A 36.84 ± 2.33A 33.54 ± 1.79A 1236.847 1231 - 1240 
Total  40.21 ± 1.72a 39.99 ± 1.94a 
71.09 ± 
22.80AB 
62.06 ± 8.18B 56.43 ± 1.83B 109.17 ± 8.23A 67.82 ± 5.24AB 53.50 ± 7.97B   
Terpenes, terpenoids 
Linalool  113.89 ± 0.95a 105.18 ± 3.50a 
348.93 ± 
13.64A 
312.46 ± 8.04A 
309.79 ± 
11.01A 
323.78 ± 
15.03A 
294.75 ± 
17.44AB 
244.97 ± 
17.16B 
1545.209 1537 
Cis-ocimene 13.62 ± 0.25a 4.91 ± 0.08b 111.74 ± 7.67A 99.50 ± 2.79AB 85.73 ± 1.73BC 
104.15 ± 
5.93AB 
78.46 ± 4.49C 56.98 ± 4.16D 1240.873 1225 - 1252 
Myrcene 5.39 ± 0.17 - 62.57 ± 5.90A 50.11 ± 0.61BC 39.97 ± 1.10CD 54.48 ± 2.18AB 34.05 ± 0.59D 22.53 ± 1.76E 1164.239 1145 - 1180 
Linalool oxide 31.19 ± 1.23a 23.48 ± 0.06b 109.56 ± 3.60A 96.55 ± 2.15AB 
101.67 ± 
3.06AB 
108.49 ± 7.29A 87.55 ± 2.75BC 73.63 ± 0.43C 1474.343 1451 - 1453 
Epoxylinalol 30.28 ± 1.66a 29.28 ± 5.67a 62.75 ± 6.28A 58.62 ± 4.75A 60.73 ± 2.77A 62.55 ± 3.62A 57.47 ± 2.91A 47.33 ± 6.05A 1721.403 1423 - 1468 
Cis-rose oxide  - - 27.29 ± 4.90A 28.21 ± 0.24A 25.62 ± 0.32A 28.08 ± 0.80A 24.89 ± 1.97A 21.10 ± 0.02A 1369.214 1337 - 1370 
Total 194.37 ± 3.42a 162.85 ± 9.19b 
722.85 ± 
42.00A 
645.45 ± 
0.81AB 
623.50 ± 
14.33AB 
681.53 ± 
34.86AB 
577.16 ± 
30.14BC 
466.55 ± 
29.58C 
  
Other 
2-Acetylpyrrole 27.14 ± 0.42a 30.53 ± 7.72a 62.32 ± 1.85B 
52.96 ± 
0.14BCD 
48.24 ± 0.54CD 80.84 ± 3.14A 57.93 ± 3.67BC 42.91 ± 4.28D 1871.929 1950 
Total 27.14 ± 0.42a 30.53 ± 7.72a 62.32 ± 1.85B 
52.96 ± 
0.14BCD 
48.24 ± 0.54CD 80.84 ± 3.14A 57.93 ± 3.67BC 42.91 ± 4.28D   
Grand total 
2667.95 ± 
43.70a 
2610.98 ± 
130.04a 
8377.90 ± 
457.69A 
6476.45 ± 
198.44B 
6082.83 ± 
24.93B 
9398.93 ± 
291.48A 
6051.08 ± 
239.04B 
4617.73 ± 
227.83C 
  
Different alphabets (lowercase: set-up 1 and uppercase: set-up 2) indicate significant differences (α = 0.05); (*) KI (lit) sourced from webbook.nist.gov or 
pherobase.com. 
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Table 7.7: Odor activity values (OAV) of aroma volatiles identified in dark chocolates produced through conventional and other alternative 
processing techniques 
  Set-up 1 Set-up 2  
 OTV (ng/g) Choc 1 Choc 2 Choc 3A Choc 3B Choc 3C Choc 3D Choc 3E Choc 3F Description* 
Acids 
Acetic acid 124 - 750 1.80 - 10.86 1.97 - 11.94 4.67 - 28.24 3.09 - 18.71 2.92 - 17.65 5.63 - 34.07 2.96 - 17.90 2.20 - 13.33 Sour, vinegar 
Isovaleric acid 22 - 1000 0.11 - 4.94 0.08 - 3.63 0.78 - 35.40 0.64 - 29.10 0.50 - 22.81 0.86 - 39.21 0.48 - 21.85 0.27 - 12.34 Sweat, rancid 
Isobutyric acid 190 - 755 < 1  < 1 0.13 - 0.51 < 1 0.30 - 1.18 0.09 - 0.35 < 1 Rancid butter 
2-Methylbutyric acid 100 - 203 0.22 - 0.44  2.24 - 4.55 2.00 - 4.07 2.21 - 4.49 2.31 - 4.68 2.18 - 4.43 1.83 - 3.71 
Acidic, overripe 
fruit 
Alcohols 
2-Phenylethanol 10 - 590 0.38 - 22.79 0.43 - 25.24 0.92 - 55.06 0.80 - 47.41 0.71 - 41.76 1.03 - 60.63 0.80 - 47.11 0.64 - 37.83 Violet floral 
Isoamyl alcohol 100   < 1   < 1   Banana 
2-Heptanol 10   3.97 3.03 2.37 4.17 2.33 1.51 
Citrus, herbal, 
spicy 
Benzyl alcohol 
5100 - 
900000 
< 1 < 1 < 1 < 1 < 1 < 1 < 1 < 1 Sweet, floral 
Aldehydes 
Benzaldehyde 60 1.67 1.36 5.61 4.47 4.08 6.29 4.17 3.04 
Almond, burnt 
sugar 
3-Methylbutanal 5.4 - 80 0.69 - 10.29 0.45 - 6.74 0.90 - 13.36 0.44 - 6.54 0.46 - 6.83 1.14 - 16.88 0.47 - 6.90 0.40 - 5.91 Sweet chocolate 
2-Methylbutanal 2.2 - 152 0.12 - 8.43 0.07 - 5.18 0.12 - 8.49 0.08 - 5.49 0.08 - 5.59 0.16 - 11 0.09 - 6.15 0.07 - 4.68 Sweet chocolate 
Benzeneacetaldehyde 22 - 154 < 1 0.15 - 1.07 0.21 - 1.47 0.18 - 1.27 0.19 - 1.31 0.27 - 1.89 0.22 - 1.53 0.16 - 1.14 
Honey, sweet, 
rose, floral 
Ketones 
Acetophenone 5629 < 1 < 1 < 1 < 1 < 1 < 1 < 1 < 1 Floral, almond 
2-Nonanone 100 < 1 < 1 < 1 < 1 < 1 < 1 < 1 < 1 Milk, green, fruity 
2-Pentanone 288000 < 1 < 1 < 1 < 1 < 1 < 1 < 1 < 1 Banana, sweet 
Pyrazines 
Tetramethylpyrazine 
38000 
< 1 < 1 < 1 < 1 < 1 < 1 < 1 < 1 
Cocoa, coffee, 
roasted 
Trimethylpyrazine 290 < 1 < 1 < 1 < 1 < 1 < 1 < 1 < 1 
Cocoa, roasted 
nuts, sweet, 
smoky 
2,3-Dimethylpyrazine 123   < 1 < 1 < 1 < 1 < 1 < 1 Caramel, cocoa 
2,3-Dimethyl-5-
ethylpyrazine 
60   1.54 1.17 1.24 1.24 1.15 < 1 
Popcorn, roasted 
cocoa 
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  Set-up 1 Set-up 2  
 OTV (ng/g) Choc 1 Choc 2 Choc 3A Choc 3B Choc 3C Choc 3D Choc 3E Choc 3F Description* 
2-Ethyl-6-
methylpyrazine 
320   < 1 < 1 < 1 < 1 < 1 < 1 
Roasted, coffee, 
hazelnut 
Esters 
Isoamyl acetate 9.6   1.73 1.26 < 1 1.36   Banana 
2-Phenylethyl acetate n.a.         Floral and honey 
4-Ethylphenyl acetate 73 - 250 < 1 < 1 < 1 < 1 < 1 < 1 < 1 < 1 Fruity, sweet 
Furans, furanones, pyrans 
2,3-Dihydro-3,5-
dihydroxy-6-methyl-4H-
pyran-4-one 
n.a.         Roasted 
2,5-Dimethyl-4-hydroxy-
3[2H]-furanone 
1.6 - 50   0.17 - 5.20 0.13 - 3.97 0.13 - 4.12 0.26 - 8.14 0.16 - 4.98 0.10 - 3.07 
Caramel, 
Strawberry 
2-Pentyl furan 100 - 2000 < 1 < 1 < 1 < 1 < 1 < 1 < 1 < 1 
Green bean, 
vegetable 
Terpenes, terpenoids 
Linalool  37 3.08 2.84 9.43 8.44 8.37 8.75 7.97 6.62 Floral, lavender 
Cis-ocimene n.a.         
Balsamic, 
peppery, spicy 
Myrcene 9.18 < 1  6.82 5.46 4.35 5.93 3.71 2.45 
Balsamic, must, 
spicy, sweet 
Linalool oxide n.a.         
Fruity: citrus, 
floral 
Epoxylinalol n.a.         Floral 
Cis-rose oxide  n.a.         Floral 
Other 
2-Acetylpyrrole 
n.a. 
        
Sweet chocolate, 
hazelnut, bread 
(*) odor description from Afoakwa et al. (2008), Tran et al. (2015a,b) and Aprotosoaie et al. (2016); n.a. = not available. 
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Table 7.8: ANOVA summary showing F-values of total aroma volatiles identified in dark chocolates as influenced by dry conching temperature and 
vacuum duration using the Stephan mixer 
 
Total 
acids 
Total 
alcohols 
Total 
aldehydes 
Total 
ketones 
Total 
pyrazines 
Total 
esters 
Total furans, 
furanones & pyrans 
Total terpenes 
& terpenoids 
Other Grand 
total 
T 0.59 0.07 0.04 4.26 46.04* 3.97 4.47 28.60* 14.54* 3.41 
V 267.55* 89.72* 106.05* 52.67* 52.37* 8.28* 10.52* 30.07* 91.21* 182.57* 
T × V 29.07* 8.20* 12.09* 19.44* 9.01* 1.95 3.74 4.42 18.93* 21.09* 
R2 (%) 99.0 97.0 97.5 96.1 96.6 80.3 84.6 94.2 97.5 98.6 
T = dry conching temperature (⁰C); V = vacuum duration (min); regression coefficients with (*) are significant at α = 0.05. 
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7.3.3.2.1 Volatile acids 
The key acids identified were acetic acid, isovaleric acid, isobutyric acid and 2-methylbutyric acid. 
These were found to be predominant in all the chocolates in terms of their concentrations and OAV’s. 
In set-up 1, acetic acid was found to be significantly (p<0.05) dominant in choc 2 compared to choc 1. 
Conversely, isovaleric acid was more dominant (p<0.05) in choc 1 than in choc 2. Meanwhile, both 
isobutyric acid and 2-methylbutyric acid which existed in choc 1, could not be detected in choc 2. 
Although the difference in volatile concentrations among the individual acids as a result of the different 
refining techniques remains unclear, both chocolates were not distinct from each other in terms of their 
total volatile acid concentrations. Withal, in set-up 2, both vacuum duration and its interaction with 
temperature had significant (p<0.05) decreasing effect on the total volatile acid concentration in the 
various chocolates (Table 7.8 and Fig. 7.9a). This may be due to the increase in the evaporation rate of 
the volatiles as a result of the vacuum created in the conching vessel of the Stephan mixer. As such, the 
longer the vacuum duration, the greater the amount of acids which were evaporated. It can also be seen 
from Fig. 7.9a, that in the absence of vacuum, the rise in dry conching temperature was directly 
proportional to the concentration of acids released from the chocolate matrix. However, an opposite 
trend is observed; to a lesser and greater extent when vacuum was introduced in the system for 30 min 
and 60 min respectively. This is logical since the creation of vacuum by the pump aided the evaporation 
of these volatiles released from the chocolate matrix. Just like acetic acid, all other acids also followed 
a similar trend as observed for the total acids. Acetic acid in particular is implicated as a major cause of 
acidic or sour flavor notes in chocolates and other cocoa products (Jinap and Dimick, 1990; Camu et al., 
2008). Notably, it is expected that the strength of volatile acids in the chocolates would be dictated by 
the amount of acetic acid due to its dominance over the others. Notwithstanding, the active contribution 
of other non-volatile acids such as lactic acid which is also present in cocoa cannot be neglected 
(Beckett, 2009). However, in this case, the similarity in pH and TA among the chocolates also presents 
evidence underscoring the possibility of acetic acid to determine the overall acidity of these chocolates. 
Generally, the trend in volatile acid concentration was also mirrored in their odor activities (Table 7.7). 
Of these, acetic acid was the most odor-active volatile acid.      
 
7.3.3.2.2 Alcohols 
Although the concentration of alcohols was not affected by the refining technique (set-up 1), a 
significant (p<0.05) reduction with respect to the vacuum duration and its interaction with the dry 
conching temperature was observed for the chocolates from set-up 2 (Table 7.8 and Fig. 7.9b). For this 
trend, the same reasons outlined in the case of the volatile acids may be ascribed. 2-Phenylethanol was 
the most abundant alcohol recorded in all the chocolates (Table 7.6) and is thus expected to impart its 
violet floral notes to the chocolates (Table 7.7). However, isoamyl alcohol, which appeared to be a very 
delicate volatile, was only recorded in choc 3A and choc 3D. 
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(i)            (j) 
    
Fig. 7.9: Interaction and main effect plots showing the impact of dry conching temperature (T) and vacuum duration (V) on the volatile composition of 
dark chocolates processed with the Stephan mixer. Total acids (a), total alcohols (b), total aldehydes (c), total ketones (d), total pyrazines (e), total esters 
(f), total furans, furanones and pyrans (g), total terpenes and terpenoids (h), others (i) and grand total (j).  
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Interestingly, these were the chocolates which were conched with the vessel completely covered during 
the entire process and without vacuum. Unlike the others in set-up 2, which were exposed to the vacuum 
for either 30 min or 60 min. Similarly, in the case of set-up 1, where the entire dry conching process is 
typically carried out with the ELK'olino conche opened, isoamyl alcohol was completely lost from the 
chocolates. Nonetheless, isoamyl achohol possessed a very low OAV, thus, it is unlikely to contribute 
to the overall flavor of the chocolates. 2-Heptanol, which possesses typical fruity, herbal and spicy notes, 
was also identified exclusively in chocolates from set-up 2, where conching was carried out in the 
Stephan mixer. It is probable that the short duration of dry conching (60 min) may have contributed to 
the conservation of this delicate volatile in these chocolates. 
 
7.3.3.2.3 Aldehydes and ketones 
The trends in the aldehydes and ketones from chocolates of set-up 1 were identical. In each case, the 
conventional chocolate (choc 1) yielded more of these volatiles than the alternative chocolate (choc 2). 
This may be due to the long duration within which refining of choc 2 was carried out in the melanger 
(180 min) compared to choc 1 which was refined with the 3-roll refiner (5-10 min). In this instance 
where the melanger was partially covered to modulate the heat within the vessel, it was possible to lose 
some of these volatiles during the process. However, although significant, this was not a big difference. 
For set-up 2, a similar trend of decreasing total aldehydes and ketones with increasing vacuum duration 
as well as its interaction with increasing temperature as aforementioned was exhibited (Table 7.8, Fig. 
7.9c and Fig. 7.9d). Aldehydes and ketones which were formed through Strecker degradation during 
roasting, are marked for their expression of good cocoa flavor notes (Aprotosoaie et al., 2016). 
Benzaldehyde and benzeneacetaldehyde are two of the principal aromatic aldehydes formed during 
cocoa bean roasting. Both volatiles were odor-active with the former being described as almond and 
burnt sugar (Bonvechi, 2005), whereas the latter is known to impart flowery and honey notes. 2-
Methylbutanal and 3-methylbutanal were both identified as odor-active and are known to impart typical 
cocoa and chocolate notes (Aprotosoaie et al., 2016). Of the ketones, acetophenone was the most 
dominant volatile. It is associated with floral and almond flavor notes, however, its contribution to the 
overall flavor is uncertain as its OAV was lower than one (Table 7.7). 2-Nonanone and 2-pentanone also 
occurred in appreciable amounts in all chocolates. However, their contribution to the total flavor were 
also negligible. 
 
7.3.3.2.4 Pyrazines 
According to Afoakwa et al. (2008), pyrazines are a major group of heterocyclic volatiles displaying 
typical cocoa, roasted, coffee and nutty flavor notes. Just like in the case of the acids and alcohols, the 
total pyrazine concentration did not change significantly (p>0.05) among the chocolates from set-up 1, 
in spite of the different refining techniques applied. Meanwhile a clear pattern is seen among the 
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chocolates from set-up 2, where both factors as well as their interaction had significant (p<0.05) 
decreasing effect on the total pyrazine concentration (Table 7.8 and Fig. 7.9e). For the same reason 
explained earlier, the impact of both temperature and vacuum duration the pyrazine concentration was 
here demonstrated. Comparatively, the relatively higher pyrazine concentrations associated with 
chocolates from set-up 2 instead of set-up 1, could be attributed to both duration (60 min) of conching 
as well as the total (choc 3A and choc 3D) or partial (choc 3B, choc 3C, choc 3E and choc 3F) covering 
of the conching vessel during the process, thus, restricting the possible escape of most pyrazines from 
the chocolates. Withal, in the instance of set-up 1, the extended duration (6 h) and the complete opening 
of the ELK'olino conche during the process may have contributed to their loss. Notably, the pyrazine 
fraction represented 11-19% and 8-9% of the total volatile concentration in set-up 2 and set-up 1 
respectively. Tetramethylpyrazine which was the most predominant pyrazine in all samples has been 
suggested as one of the main contributors of the cocoa/chocolate flavor due to its reportedly high 
concentration in roasted cocoa (Beckett, 2009). It was most abundant in choc 3A. However, with respect 
to its odor activity, the contribution of this volatile to the overall flavor of the chocolate was negligible 
due to its very high OTV (38000 ng/g) (Van Gemert, 2011). The range of concentrations for 
tetramethylpyrazine recorded in this study were 190.17-857.57 ng/g, which were comparable to the 
value (761 ng/g) reported by Tran et al. (2015b) for Ghanaian chocolate. By calculating the OAV of this 
volatile, they also arrived at the same outcome. This may be due to the fact that these concentrations are 
determined semi-quantitatively. However, Frauendorfer and Schieberle (2006) who studied the key 
aroma compounds in cocoa powder based on a careful solvent-assisted flavor evaporation (SAFE) 
method followed by the application of gas chromatography-olfactometry (GC-O) in combination with 
an aroma extract dilution analysis (AEDA) revealed 35 odor-active constitutes of which 
tetramethylpyrazine was not reported. It is therefore questionable the acclaimed active contribution of 
this volatile to the overall cocoa flavor in spite of its well-known dominant peak area. Trimethylpyrazine 
was the second most abundant pyrazine. Likewise, it was also not odor-active. 2,3-dimethyl-5-
ethylpyrazine was the only odor-active pyrazine due to its low OTV. It was most abundant in choc 3A 
and likely to impart its typical roasted cocoa notes to these chocolates (Bonvechi, 2005). 
 
7.3.3.2.5 Esters, furans, furanones and pyrans 
Chocolates from set-up 1 showed no significant (p>0.05) difference among each other in terms of total 
concentrations of esters, furans, furanones and pyrans (Table 7.6). Meanwhile, of the two factors which 
were investigated in set-up 2, only the vacuum duration had a significant (p<0.05) impact on these 
groups of volatiles (Table 7.8, Fig. 7.9f and Fig. 7.9g). Hitherto, a general decreasing trend in the various 
concentrations were observed as duration of vacuum increased. Isoamyl acetate - which was detected in 
all chocolates from set-up 2 with exception of choc 3E and choc 3F - was also odor-active in these 
chocolates. In this case, it seemed that the effect of vacuum at such a high temperature (80 oC) in the 
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processing of these chocolates could have been responsible for the loss of this volatile from choc 3E and 
choc 3F. Likewise, its absence in the chocolates from set-up 1 may also attest to the fact that conching 
at 80 oC in an open conche may have escalated the volatility of this aroma compound. 2-Phenylethyl 
acetate was the most abundant ester, however the contribution of its floral and honey notes to the overall 
flavor is unclear as the OTV in oil media was not known. Of the total furans, furanones and pyrans, 2-
pentyl furan was the most predominant although not odor-active. For this volatile, the different conching 
parameters using the Stephan mixer had no significant (p>0.05) impact on the levels identified in the 
chocolates. Meanwhile, in set-up 1, the chocolate refined with the 3-roll refiner recorded the lowest 
concentration. As usual, choc 3D and choc 3A recorded the highest total concentration of this group of 
volatiles due to the possible conservation of the volatiles through the fitted lid of the conching vessel 
throughout the entire process. Withal, 2,5-dimethyl-4-hydroxy-3[2H]-furanone was noted as the only 
odor-active furan, imparting its caramel and strawberry notes to the chocolate flavor. 
 
7.3.3.2.6 Terpenes, terpenoids and others 
The concentration of terpenes and terpenoids in chocolates from set-up 1 varied, with choc 1 recording 
a significantly (p<0.05) higher concentration than choc 2 (Table 7.6). Meanwhile, the concentration of 
2-acetylpyrrole was significantly similar among the two chocolates. Just like in the case of aldehydes 
and ketones, the lower total concentration of terpenes and terpenoids in choc 2 may be akin to the longer 
duration of this refining technique, thus, possibly allowing for delicate volatiles such as cis-ocimene, 
myrcene and linalool oxide to be minimized at different levels during the process. The chocolates from 
set-up 2 showed a familiar trend of decreasing total volatile concentration with increasing dry conching 
temperature and vacuum duration. However, whereas the impact of the two factors and their interaction 
significantly (p<0.05) affected the concentration of 2-acetylpyrrole, only the primary factors had 
significant (p<0.05) impact on the total concentration of terpenes and terpenoids (Table 7.8, Fig. 7.9h). 
Most of terpenes and terpenoids occurred in appreciable amounts in the chocolates from set-up 2. 
However, comparatively, their corresponding concentrations in set-up 1 were lower. This could be due 
to the difference in duration and type of conching equipment used in both instances. Considering that 
fact that chocolates which were processed with the Stephan mixer for a duration of 60 min with no 
vacuum connection retained the highest amount of volatiles, it can be suggested that conching for six 
hours with the ELK'olino conche opened may have contributed to the loss of cis-rose oxide in the 
chocolates from set-up 1. More so, the difference in refining duration and technique could be responsible 
for the loss of myrcene specifically from choc 2. Of the terpenes, myrcene and linalool were the only 
odor-active volatiles identified. However, linalool was the most dominant in terms of concentration and 
OAV and is likely to override the spicy note of myrcene with its characteristic floral note. 2-Acetyl-1-
pyrrole, which is known to be a degradation product of proline, also persisted in all chocolates. Although 
the chocolates from set-up 1 showed no significant (p>0.05) difference, the interaction effect of dry 
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conching temperature and the vacuum duration in set-up 2 appeared to be significant (p<0.05) (Table 
7.8, Fig. 7.9i). Although 2-acetyl-1-pyrrole is reported to contribute many desirable flavor notes such 
caramel, chocolate and hazelnut in cocoa (Mottram, 2007; Afoakwa et al., 2009), this could not be 
ascertained since its OTV could not be found.   
 
7.3.3.2.7 Similarities among aroma profiles of dark chocolates produced through 
conventional and alternative processing techniques 
Fig. 7.10 shows dendrograms from an AHC demonstrating the relationships among the different 
chocolates produced under the different processing techniques. Fig. 7.10a was based on all identified 
volatiles whereas in Fig. 7.10b, only odor-active volatiles were considered. By so doing, it can be 
demonstrated whether (or not) the identified odor-active volatiles alone could be sufficient in describing 
and/or differentiating the different chocolates on the basis of their aroma profiles. Here, three main 
clusters were revealed. A similar clustering is observed in the case of all identified volatiles (Fig. 7.10a) 
as when clustering was done on the basis of only odor-active volatiles (Fig. 7.10b). Despite the 
difference in refining technique used, choc 1 and choc 2 showed high similarity in aroma profile. 
Furthermore, irrespective of the dry conching temperature, chocolates which were processed with no 
vacuum connection to the vessel (choc 3A and choc 3D) showed a high dissimilarity with those which 
were processed with vacuum connection for either 30 min or 60 min. 
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(b) 
 
Fig. 7.10: Agglomerative hierarchical clustering of chocolates from conventional and alternative 
processes on the basis of all identified volatiles (a) and their odor-active volatiles (b). 
 
7.3.3.3 Consumer preference testing 
Based on the three clusters from the AHC, representative chocolates, which had been conched at the 
same temperature, were selected, from which a consumer preference test was conducted. This is because 
of the key role of consumer choice and appreciation in product development as it informs the success of 
the product in comparison to an existing reference on the market. Of the 112 participants, mean ranks 
of 1.98, 1.96 and 2.04 were obtained for choc 1, choc 3D and choc 3F respectively (Table 7.9). 
According to a Friedman’s non-parametric test (with Chi-square value = 0.353, degree of freedom = 2, 
asymptotic significance = 0.838), there was not enough evidence to reject the null hypothesis. Thus, in 
terms of consumer preference, no significant (p>0.05) distinction was found among the three 
representative chocolates, although the detailed aroma profile analysis revealed otherwise. According 
to Taylor and Roozen (1996), a medley of chemical interactions take place in the release of volatiles in 
foods when eaten. With obvious influential factors such as temperature and the impact of shearing, they 
noted that the volatile profile measured during eating could be different from the headspace profile of 
the same food. Likewise, in this context, aside the possible retention of some volatiles within the 
chocolate matrix, which may eventually be released in the mouth during chewing, the presence and 
possible influence of other non-volatile components, such as lactic acid and polyphenols, may further 
influence the overall flavor profiles of the chocolates as perceived by consumers during tasting. This 
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could be the reason why the consumers equally preferred the three representative chocolates in spite of 
the clear dissimilarities in terms of their aroma profiles. Meanwhile, a triangle test with a trained panel 
would be required to substantiate this assumption. Thus, it cannot be confirmed that the representative 
chocolates were exactly the same in terms of their taste. 
 
Table 7.9: Summary result from consumer preference testing 
 N Mean rank SD Min Max 
Choc 1 112 1.98a 0.84 1 3 
Choc 3D 112 1.96a 0.81 1 3 
Choc 3F 112 2.04a 0.81 1 3 
Different alphabets (superscript) indicate significant differences (α = 0.05) among samples 
 
7.4 Conclusions 
The CocoaTown melanger could be considered as an ideal alternative to the 3-roll refiner at the refining 
step during small-scale chocolate production - provided that a recipe with moderate to high fat content 
(ca. 40% fat) is targeted. Refining for three hours with the mini drum at full fat resulted in D (v, 0.9) 
significantly (p<0.05) lower than when the 3-roll refiner was used. Nonetheless, a comparative 
advantage of the latter would be its short throughput time. Whereas the former required three hours of 
refining time, the latter required about 5-10 min of operation time to refine the same amount of 
chocolate. Generally, a better refining was achieved with the mini drum than for the big drum. This is 
due to the difference in linear speed gradient of the product during the refining process, owing to the 
difference in geometry of the roller stones. Also, refining with a full fat recipe (40% fat) may have 
contributed to a more efficient coating of the newly created sugar surfaces in the presence of excess fat 
in the system. In spite of trivial difference in moisture content, chocolates manufactured following 
melanger and 3-roll refining showed significant (p<0.05) differences in terms of PSD, flow parameters 
and color. In this study where the Stephan mixer was employed on a small-scale for conching dark 
chocolate, both processing factors; dry conching temperature and vacuum pump duration proved to be 
significant in dictating the various quality attributes of the end chocolates. Whereas the vacuum duration 
had a significant (p<0.05) impact on moisture content and D (v, 0.9), a consequential impact of all 
factors and their interaction on the Casson yield was observed. On the contrary, these factors proved to 
be less important in dictating the final viscosities of the chocolates. Among others, it is suggested that 
the role of the high fat content of the chocolates may have played a more important role. Although all 
chocolates exhibited less thixotropic behavior, a direct proportional relationship between the particle 
SSA and thixotropy was observed. 
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In terms of flavor, both the equipment and the operational settings used for the chocolate manufacturing 
processes in both set-ups showed no significant (p>0.05) impact on the acidity (pH and TA) of the 
chocolates. Although with respect to specific group of volatiles such as aldehydes, ketones, terpenes and 
terpenoids, the impact of the different refining techniques (melanger and 3-roll refiner) was significant, 
these chocolates showed no significant (p>0.05) difference in terms of their total aroma concentrations 
(Table 9.2). However, considering chocolates which were processed with the Stephan mixer, the 
decreasing impact of vacuum duration and its interaction with dry conching temperature on the total 
volatile concentration proved significant (p<0.05) (Fig. 7.9j). Suggestively, the longer conching 
duration and the fact that the process was typically carried out with the ELK'olino conche completely 
open, may have contributed to the generally lower volatile concentrations in the chocolates from set-up 
1 in comparison to those from set-up 2. The same may explain why in some cases certain delicate 
volatiles which were present in chocolates from set-up 2 could not be detected in the former. An AHC 
of all chocolates, first on the basis of all identified volatiles, then, the odor-active volatiles, revealed 
three main flavor clusters; chocolates conched with the conventional ELK'olino conche, chocolates 
conched with the Stephan mixer with no vacuum connection and those conched with the Stephan mixer 
with a vacuum connection. Nonetheless, a 112-member consumer testing revealed no significant 
(p>0.05) preference for any particular representative chocolate from these clusters. 
 
  
7.5 Supplementary: Profiles indicating particle reduction from nib to liquor using 
CocoaTown melanger 
 
 
Fig. A.7.1: D (v, 0.9) in function of grinding time during particle reduction in mini drum 
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Fig. A.7.2: D (v, 0.9) in function of grinding time during particle reduction in big drum 
 
 
 
Fig. B.7.1: Gradients of linear speed of cocoa product in (a) cylindrical and (b) conical roller 
stone melangers (According to Tan and Balasubramanian, 2017) 
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Chapter 8 
General conclusions and future perspectives 
 
 
 
 
 
 
 
 
 
 
 
234 
  
8.1 General conclusions and future perspectives 
The pursuit for premium single-origin chocolates, more so, those exhibiting unique and/or improved 
flavor characteristics among the so-called ‘bulk’, ‘basic’ or ‘ordinary’ cocoa variety still remains of 
utmost importance to the future of the industry. This is key considering the fact that over 95% of cocoa 
in the world are derived from the ‘bulk’ cocoa variety and marketed as such. There is therefore the need 
for sustainable ways by which the flavor quality of ‘bulk’ cocoa may be boosted and/or diversified in 
order to meet the ever-growing consumer demand. In this study, an investigation into the individual 
and/or synergistic impact(s) of various post-harvest and processing techniques (pod storage, 
fermentation and roasting) on the flavor quality of ‘bulk’ cocoa and chocolates was carried out. 
Specifically, an in-depth exposition of pod storage and its implication on the flavor of cocoa/chocolates 
was conducted. Pod storage is an on-farm practice of gathering and storing harvested cocoa pods under 
ambient conditions for a period of time prior to pod opening and fermentation. Due to the enormity of 
work involved in the process of pod opening, most farmers resort to pod storage whilst seeking enough 
labor force among friends and relatives to assist them in splitting their harvested pods. However, till 
date, not a lot is known about its influence on the flavor quality of the beans.  
 
Our study first confirmed the popularity of this practice. Out of 731 farmers spanning across the six 
major cocoa growing regions of Ghana, over 87% of farmers were noted to practice pod storage with 
more than 97% of these storing their pods between 1-7 days. Among other findings, the significant 
impact of this treatment on the fermentative quality and nib acidity served as evidence of various 
biochemical changes (pulp modification, cellular degradation, etc.) occurring within the pods. More so, 
this phenomenon was physically evident following the examination of the state of degradation of the 
pods and pulp material. Indeed, the results suggest that pod storage could influence the fermentative 
quality of the beans given its impact on the physico-chemical state of the pulp. Compared to unstored 
pods, three days of pod storage resulted in a reduced pulp volume – possibly due to moisture evaporation 
and respiration of the inherent sugars in the pulp. Meanwhile, an extended duration of pod storage further 
led to the onset of a ‘fermentation-like’ process. This was evidenced by an extensive degradation of both 
pulp and pod material with some amount of ‘sweating’ within which these beans were found to be 
soaked. As such, the latter treatment consisted of more acidic beans whereas beans from the former 
treatment recorded the least acidity (as was also in accordance with their fermentative qualities). 
 
The physico-chemical changes due to pod storage further affected the levels of other precursors in the 
beans. For instance, although the total reducing sugar content increased with increasing pod storage, the 
actual fructose-glucose ratios took a different trend consistent with the degree of nib acidification. The 
studies further revealed that, whereas a short duration of pod storage may not significantly lead to high 
amount of free amino acids in cocoa beans, the significantly high concentration of these associated with 
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an extended pod storage duration could be highly crucial in boosting the flavor potential of the latter. 
This insight was later confirmed by the conspicuously high total concentration of aroma volatiles 
(especially Maillard reaction products) which were measured in both liquors and chocolates of 
prolonged storage. Interestingly, in most cases, the trends in aroma volatile concentrations were in 
unison with the observed nib acidity and fructose-glucose ratios of the different beans, thus, 
underscoring the significance of these indices for volatile formation during the Maillard reaction as also 
highlighted in other studies. An expert sensory panel also confirmed similar findings from the aroma 
analysis. Overall, the results revealed that no or very short duration of pod storage could be beneficial 
for preserving the delicate fruity/floral aroma volatiles (terpenes/terpenoids, alcohols, esters, etc.) as 
perceived in both liquor and the final chocolate. However, although some of the aforementioned 
volatiles persisted in relatively high concentrations in the chocolate from prolonged pod storage, the 
dominance of other volatiles (acids, pyrazines, furans, etc.) which were also formed as a result of this 
treatment could possibly suppress the more subtle volatiles. In consequence, a more intense cocoa, acidic 
as well as slightly bitter liquor and chocolate were obtained.  
 
Given the demonstrated impact of pod storage on the perception of fruity/floral notes in cocoa and 
chocolates, and the number of farmers who practice it, one can argue whether (or not) pod storage could 
be the reason why the commercial Ghanaian cocoa is still viewed as ‘bulk’ despite its reputation as the 
benchmark for quality Forastero on the international market. Perhaps, it can be recommended that in 
order to preserve more fruity/floral flavors in cocoa, the fermentation process should be carried out 
immediately after harvesting the pods. On the contrary, if a highly intense cocoa-flavored chocolate is 
desired, there would be the need to explore possibilities with extended pod storage duration (such as 
seven days or beyond) as demonstrated in this study. However, by so doing, a keen consideration should 
be given to the level of free fatty acids (FFA) in the cocoa beans since extended pod storage could also 
contribute to unacceptably high levels of FFA after fermentation (Afoakwa, 2014).     
 
Both fermentation and roasting also contributed to higher number and concentration of volatiles. In 
agreement with literature, fermentation was further necessary for the reduction in cocoa astringency and 
bitterness, although the perception of cocoa notes seemed to be more related to the roasting process (~ 
Maillard reaction) than fermentation. Furthermore, the roasting intensity also contributed immensely to 
the formation of more volatiles through a variety of thermal reactions next to the Maillard reaction, such 
as; sulfur reactions, lipid oxidation and caramelization reaction. The combination of pod storage with 
fermentation and roasting thus proved to be a vital tool for creating diverse flavor patterns from the same 
cocoa beans. More so, the interaction effect of pod storage and the roasting intensity significantly 
influenced the levels of various groups of volatiles identified in the beans. Further, investigating 
chocolate flavor attributes and correlating these with the identified volatiles also attested to this. Among 
others, chocolates that were perceived with high intensity of cocoa note were also predominantly 
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astringent and bitter and, in some instances, considered as nutty. Likewise, the acidic note was also 
greatly linked to the perception of fresh fruits. As seen from the study, the combined impact of pod 
storage and roasting intensity overrode that of the origin or genetic variety of the beans. This was evident 
from the high similarity in flavor profiles of some sample ‘bulk’ chocolates and those made from ‘fine’ 
flavor cocoa of renowned origins (Ecuador, Venezuela, Vietnam, etc.). This therefore demonstrates the 
ability to ‘unlock’ the flavor potential of ‘bulk’ cocoa and the enormous possibilities of tuning its flavor 
through a tailored manipulation of specific key processing conditions to suit a desired expectation. The 
findings from this study could therefore be of great value to different stakeholders in the cocoa value 
chain. To the farmers and/or producing countries, the production and marketing of cocoa beans with 
specific flavor profiles through the technique of pod storage could attract premium prices for their raw 
or semi-processed cocoa, whereas, the same technology – coupled with optimised roasting – could 
potentially offer chocolate manufactures the opportunity to tailor-make specific chocolates to meet 
specific customer/consumer requirements. 
 
It must be noted however that since this study was limited to Forastero (bulk) cocoa beans, we cannot 
confirm the applicability of these findings to other varieties such as Criollo (fine) and Trinitario (fine). 
Thus, further studies to elucidate the dynamics of flavor formation in such cocoa varieties in function 
of these processes can be recommended. Also, in this study, not a lot of attention was placed on the 
fermentation process. However, considering that the extent of pulp degradation associated with 
prolonged pod storage could be akin to a ‘fermentation-like’ process, it would be highly relevant in 
future to study the interaction of pod storage with fermentation taking into account many different levels 
(duration) of fermentation in order to be able to optimize both processes for maximal flavor precursor 
generation. 
 
The flavor of chocolate is not only dependent on the aforementioned processing steps, but also, the 
equipment and procedure involved in the chocolate manufacturing process could play a key role in 
determining the final flavor of the chocolate. Hence, in this study, principles involved in the technology 
of chocolate were investigated in the quest to understand the variation in both quality and flavor 
associated with downscaling the manufacturing process. Here, a great potential, in terms of application, 
was seen for the cocoa melanger (being suitable for particle size reduction) and Stephan mixer (as an 
alternative conching device). These findings are expected to stimulate small-scale production among 
developing countries and low-capital manufacturers. However, as seen from the study, the melanger 
could be further improved by introducing a double-jacketted vessel which could be used to regulate the 
processing temperature during the grinding/refining process. Also, adequate moisture reduction during 
the conching-like process could only be achieved via an extrenal vacuum connection to the Stephan 
mixer. Thus, more can be done to improve this technology. Additionally in this study, the development 
of a single compact process using the melanger was also attempted during a pre-experimental trial. 
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However, a major setback of this technique was the inability to remove moisture from the chocolate due 
to the lack of a temperature control unit on the melanger. This resulted in higher flow parameters (Casson 
yield value, Casson viscosity and thixotropy) probably because of water-induced particle interaction. It 
would therefore be interesting to look into the aforementioned and other possibilities to optimize this 
process whilst ensuring adequate moisture removal from the chocolate. 
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